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INTRODUCTION 

The  goal  of  this  project  was  to  determine  the  structures  of  the  Bcl-2  family  proteins  in  their  membrane- 
associated  forms.  The  Bcl-2  family  proteins  play  major  regulatory  roles  in  programmed  cell  death,  or 
apoptosis,  and  exert  their  activities  through  dimerization  with  other  Bcl-2  family  members,  binding  to  non- 
homologous  proteins,  and  the  formation  of  membrane  pores,  believed  to  regulate  apoptosis  by  perturbing 
mitochondrial  physiology.  Their  functions  are  also  regulated  by  subcellular  location  as  the  proteins  cycle 
between  soluble  and  membrane-bound  forms.  The  soluble  structures  of  several  pro-  and  anti-apoptotic  Bcl-2 
family  proteins  are  very  similar,  despite  their  antagonistic  activities,  however,  the  structures  of  their 
membrane-associated  forms  have  not  been  previously  examined,  and  may  be  important  for  understanding 
their  opposing  functions.  Moreover,  most  of  the  previous  structural  and  functional  studies  have  focused  on 
soluble  truncated  proteins,  lacking  the  C-terminal  20-residue  hydrophobic  domain,  which  is  present  in  many 
of  the  family  members  and  is  important  for  membrane  targeting. 

The  support  of  this  grant  has  enabled  us  to  initiate  a  major  research  effort  to  determine  the  structures  of 
membrane-bound  and  full-length  Bcl-2  proteins.  The  results  from  these  studies  serve  as  a  platform  for 
additional  structural  and  biological  experiments  aimed  at  examining  the  structural  consequences  of 
modifications  (mutations,  cleavage,  phosphorylation,  myristoylation)  and  interactions  (with  other  Bcl-2  and 
non-homologous  proteins),  as  we  try  to  understand  apoptosis  regulation  by  the  Bcl-2  family  proteins. 

We  have  focused  our  studies  on  Bcl-2  family  members  with  opposing  activities,  namely,  anti-apoptotic  Bcl- 
xL,  and  pro-apoptotic  Bid  and  Bim.  These  proteins  share  homology  only  in  the  BH3  domain,  and  Bid  does 
not  have  a  hydrophobic  C  domain.  Our  studies  have  led  to  the  surprising  but  important  discovery  that  both 
Bcl-XL  and  Bid  associate  with  the  membrane  surface,  without  insertion  of  a  hydrophobic  helical  hairpin 
which  had  been  previously  thought  to  mediate  membrane  association  and  pore  formation.  This  suggests  that 
mitochondrial  membrane  destabilization  by  some  Bcl-2  family  proteins  may  be  similar  to  bacterial  membrane 
destabilization  by  antibiotic  polypeptides. 

BODY 

The  research  accomplishments  associated  with  the  tasks  outlined  in  the  original  Statement  of  Work  (SOW) 
are  described  below,  and,  in  greater  detail,  in  the  manuscripts  attached  in  the  Appendix  of  this  report  [1-4]. 

Specific  Aim  1. 

(Task  1)  Prepare  milligrams  of  isotopically  labeled  full-length  Bcl2  by  expression  in  E.  coli. 

We  have  expressed  and  purified  several  recombinant  members  of  the  Bcl-2  family,  Bcl-xL,  Bid,  Bim  and 
several  of  their  mutants  and  truncated  forms.  The  proteins  are  expressed  in  E.  coli  as  His-tagged  proteins,  or 
His-tagged  TrpALE  fusion  proteins  using  pET  vectors,  or  as  GST  fusion  proteins  using  pGEX  vectors  [1,2,4]. 
Protein  expression  is  obtained  in  minimal  M9  media  for  isotopic  labeling,  as  required  for  NMR. 

This  work  also  led  us  to  develop  a  new  plasmid  vector  for  the  expression  of  other  membrane-associated 
proteins  and  hydrophobic  peptides,  which  we  named  pBCL,  and  is  based  on  fusion  to  the  N-terminus  of  Bcl- 
XL  [3].  This  plasmid  has  been  made  available  to  the  scientific  community,  and  we  have  already  shared  it 
with  other  laboratories. 


(Task  2)  Prepare  samples  of  Bcl2  in  lipid  bilayers  and  lipid  micelles  for  solid-state  and  solution  NMR. 
We  have  prepared  samples  of  Bcl-XL,  Bid,  and  Bim  in  lipid  micelles  and  lipid  bilayers  for  both  solution  and 
solid-state  NMR  structural  studies. 

We  have  developed  new  methods  for  NMR  sample  preparation  and  for  rapid  structure  determination  of 
membrane  proteins  in  lipid  bilayers  [5-7],  which  are  being  applied  to  Bcl-2  proteins.  These  works  are  not 
directly  associated  with  the  tasks  outlined  in  the  SOW,  however  one  of  them  [6]  acknowledges  the  grant, 
because  the  ideas  partially  resulted  from  our  experiments  on  Bcl-2  family  proteins,  funded  by  this  grant. 

(Task  3)  Perform  NMR  experiments  on  Bcl2  proteins  in  lipid  bilayers. 
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We  have  obtained  NMR  spectra  of  Bcl-XL,  Bid,  tBid,  and,  more  recently,  Bim,  in  both  lipid  micelle  and  lipid 
bilayer  environments.  These  spectra  provide  the  first  view  of  their  conformations  at  membranes,  and  are 
being  analyzed  for  structure  determination  [1 ,2,4], 

The  ’H/^N  HSQC  (heteronuclear  single  quantum  correlation)  NMR  spectra  from  the  purified  proteins  are 
well  resolved  with  the  appropriate  number  of  backbone  and  side  chain  resonances,  reflecting  pure  and 
homogenous  preparations,  and  we  have  completely  assigned  the  resonances  in  full-length  Bcl-XL  in  micelles 
[unpublished].  These  spectra  provide  the  basis  for  structure-activity-relationship  studies  with  molecules  that 
target  Bcl-2  proteins. 

John  Reed,  our  collaborator  on  this  grant  (5%  effort),  has  identified  a  peptide  that  binds  pro-apoptotic  Bax 
and  Bid  and  modulates  their  activities  [8].  We  are  carrying  out  solution  chemical  shit  mapping  NMR 
experiments  to  define  the  binding  site  of  the  peptide  on  Bid. 

(Task  4)  Determine  the  structures  using  orientation  constraints. 

We  have  measure  several  orientation  restraints  from  samples  of  Bcl-XL  and  Bid  in  micelles  oriented 

in  stressed  polyacrylamide  gels,  and  lipid  bilayers  oriented  on  glass  slides.  We  are  using  these  restraints  to 
determine  the  membrane  bound  structures. 

Our  studies  on  Bid  and  tBid,  its  activated  product  of  caspase-8  cleavage,  demonstrate  that  tBid  associates 
with  the  membrane  with  its  helices  parallel  to  the  membrane  surface  but  without  trans-membrane  helix 
insertion.  Thus  the  cytotoxic  activity  of  tBid  at  mitochondria  may  be  similar  to  that  observed  for  antibiotic 
polypeptides,  which  bind  to  the  surface  of  bacterial  membranes  as  amphipathic  helices  and  destabilize  the 
bilayer  structure  promoting  the  leakage  of  cell  contents  [2],  Bcl-XL  also  appears  to  associate  with  the 
membrane  surface  rather  than  by  inserting  its  helices  across  the  lipid  bilayer  membrane  [1,4], 

Specific  Aim  2. 

(Task  1)  Test  the  ion  channel  activities  of  mutant  and  wild-type  Bcl2  proteins  in  lipid  bilayers  in  vitro. 
These  measurements  were  intended  to  pursue  the  notion  that  Bcl-2  family  proteins  form  ion-channels  by 
inserting  a  helical  hairpin  in  the  mitochondrial  membrane.  However  the  structural  studies  supported  by  this 
grant  [1,2,4],  and  the  results  of  other  laboratories  [9],  show  that  membrane  penetration  does  not  occur,  and 
that  the  Bcl-2  proteins  bind  the  membrane  surface.  Since  it  is  difficult  to  reconcile  this  mode  of  membrane 
association  with  ion  channel  activity,  we  decided  to  shift  our  focus  to  cell-based  and  in-vitro  functional 
assays  of  apoptosis. 

(Task  2)  Test  the  functions  of  wild-type  and  mutant  Bcl2  proteins  in  cells. 

The  functional  studies,  carried  out  in  parallel  with  the  structural  work,  served  the  two  purposes  of  (1 )  testing 
the  functionality  of  the  Bcl-2  samples  that  we  prepare  for  structure  determination,  and  (2)  characterizing  the 
biological  functions  of  wild-type  and  mutant  forms. 

We  have  tested  the  ability  of  recombinant  tBid  to  induce  the  release  of  mitochondrial  proteins  by  incubating  it 
with  mitochondria  isolated  from  HeLa  cells,  assaying  the  supernatant  and  pelleted  fractions  with  antibodies 
to  cytochrome-c  and  SMAC. 

We  also  tested  the  ability  of  recombinant  tBid  and  Bcl-XL  to  bind  each  other  and  to  bind  anti-apoptotic 
peptides.  Recombinant  tBid,  used  in  the  structural  studies,  is  fully  active  in  its  ability  to  induce  cytochrome-c 
and  SMAC  release  from  isolated  mitochondria,  and  its  capacity  to  bind  anti-apoptotic  BcI-Xl  through  its  BH3 
domain  is  not  disrupted  by  the  M97L  mutation  introduced  to  facilitate  protein  expression  [2]. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  We  have  expressed  and  purified  milligram  quantities  of  Bcl-2  family  proteins  (Bcl-XL,  tBid,  and  Bim)  that 
have  been  notoriously  difficult  to  express  and  purify  because  of  either  poor  solubility  (full-length  Bcl-XL)  or 
toxicity  (tBid  and  Bim)  [2], 

•  We  have  determined  the  secondary  structure  and  topology  of  Bcl-XL  and  tBid  in  membrane  environments 
[1,2,4]. 

•  We  have  confirmed  the  biological  activity  of  recombinant  tBid  and  Bcl-XL  produced  for  NMR  studies  in 
bilayers  [2]. 

•  We  have  completely  assigned  the  spectrum  of  full-length  Bcl-XL,  including  its  hydrophobic  C-terminus,  in 
lipid  micelles,  and  have  obtained  orientation  restraints  for  structure  determination  [unpublished], 

•  We  have  developed  a  new  plasmid  vector  that  is  useful  for  the  high-level  expression  of  membrane- 
associated  proteins  and  hydrophobic  peptides.  This  vector,  named  pBCL,  is  based  on  fusion  of  a  target 
protein  to  the  N-terminus  of  Bcl-XL  [3],  It  has  been  made  available  to  the  scientific  community,  and  we 
have  already  shared  it  with  other  laboratories. 

REPORTABLE  OUTCOMES 

Development  of  a  new  Bcl-XL-based  expression  vector  for  membrane  proteins. 

•  The  new  plasmid  vector  we  developed  for  the  high-level  expression  of  membrane-associated  proteins, 
and  hydrophobic  peptides,  is  described  in  reference  [3],  which  is  included  in  the  appendix  material.  This 
vector,  named  pBCL,  is  based  on  fusion  of  a  target  protein  to  the  N-terminus  of  Bcl-XL.  It  has  been  made 
available  to  the  scientific  community,  and  we  have  already  shared  it  with  other  laboratories. 
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CONCLUSIONS 

Our  work  supported  by  this  grant  has  enabled  us  to  obtain  the  first  membrane-bound  structural  data  on  the 
Bcl-2  protein  family,  using  solid-state  NMR  in  lipid  bilayer  samples  [1,2].  The  spectra  provide  the  first 
structural  view  of  Bcl-XL  and  Bid  in  membranes,  and  provide  insights  to  their  function  in  apoptosis 
regulation.  We  are  currently  working  on  NMR  data  analysis  for  three-dimensional  structure  determination, 
and  have  made  additional  progress  in  developing  the  methodology  for  NMR  structure  determination  of 
membrane  proteins  in  lipid  bilayers  [6],  In  addition,  in  collaboration  with  John  Reed,  also  at  the  Burnham 
Institute,  we  are  carrying  out  NMR  experiments  to  map  the  binding  site  of  an  apoptosis  regulatory  peptide  on 
pro-apoptotic  Bid.  The  work  supported  by  this  award  and  described  in  this  report,  enabled  us  to  apply  for 
funding  from  the  National  Institutes  of  Health  (R01GM65374;  R21AI063563)  and  the  Department  of  Defense 
(BC044465)  to  extend  the  project  to  include  other  Bcl-2  proteins. 
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Structural  studies  of  apoptosis  and  ion  transport 
regulatory  proteins  in  membranes 
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Solid-state  NMR  spectroscopy  is  being  used  to  determine  the  structures  of  membrane  proteins  involved  in 
the  regulation  of  apoptosis  and  ion  transport.  The  Bd-2  family  includes  pro-  and  anti-apoptotic  proteins 
that  play  a  major  regulatory  role  in  mitochondrion-dependent  apoptosis  or  programmed  cell  death.  The 
NMR  data  obtained  for  15N-labeled  anti-apoptotic  Bcl-xL  in  lipid  bilayers  are  consistent  with  membrane 
association  through  insertion  of  the  two  central  hydrophobic  a-helices  that  are  also  required  for  channel 
formation  and  cytoprotective  activity.  The  FXYD  family  proteins  regulate  ion  flux  across  membranes, 
through  interaction  with  the  Na+,  K+-ATPase,  in  tissues  that  perform  fluid  and  solute  transport  or  that 
are  electrically  excitable.  We  have  expressed  and  purified  three  FXYD  family  members,  Mat8  (mammary 
tumor  protein),  CHIF  (channel-inducing  factor)  and  PLM  (phospholemman),  for  structure  determination 
by  NMR  in  lipids.  The  solid-state  NMR  spectra  of  Bcl-2  and  FXYD  proteins,  in  uniaxially  oriented  lipid 
bilayers,  give  the  first  view  of  their  membrane-associated  architectures.  Copyright  ©  2004  John  Wiley  & 
Sons,  Ltd. 
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INTRODUCTION 

NMR  spectroscopy  is  ideally  suited  for  the  structure  determi¬ 
nation  of  membrane  proteins  in  lipid  environments.  Solution 
NMR  methods  for  structure  determination  can  be  utilized 
on  samples  consisting  of  proteins  dissolved  in  lipid  micelles, 
while  solid-state  NMR  methods  can  be  applied  to  sam¬ 
ples  of  membrane  proteins  in  planar  lipid  bilayers.12  The 
latter  approach  is  especially  attractive  because  it  enables 
structures  to  be  determined  in  a  native-like  environment. 
Furthermore,  since  the  lipid  bilayers  are  oriented  with 
respect  to  the  applied  magnetic  field,  the  samples  pre¬ 
serve  the  intrinsic  directional  character  of  membrane  protein 
structure  and  function.  For  membrane  proteins  that  can 
be  expressed,  isotopically  labeled,  and  purified  chromato- 
graphically,  reconstitution  in  oriented  lipid  bilayers  gives 
single-line  spectra  with  line  widths  that  rival  those  from 
single  crystals3  and  with  characteristic  patterns  that  directly 
reflect  protein  structure  and  topology.4-6  This  direct  relation¬ 
ship  between  spectrum  and  structure  provides  the  basis  for  a 
method  that  permits  the  simultaneous  sequential  assignment 
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of  resonances  and  measurement  of  orientational  restraints  for 
backbone  structure  determination  in  the  two-dimensional 
solid-state  NMR  'H/15N  PISEMA  spectra  from  a  limited  set 
of  uniformly  and  selectively  ,5N-labeled  samples.7,8  Here  we 
describe  solid-state  NMR  structural  studies  of  two  families 
of  membrane-associated  proteins  involved  in  the  regulation 
of  apoptosis,  or  programmed  cell  death,  and  ion  transport. 
The  spectra  provide  the  first  view  of  these  protein  struc¬ 
tures  in  membranes,  and  also  provide  the  starting  point 
for  three-dimensional  structure  determination  which  should 
give  significant  insights  to  their  biological  functions. 

Bcl-2  family  proteins 

The  Bcl-2  family  includes  both  anti-apoptotic,  or  cyto¬ 
protective,  proteins  (Bcl-2,  Bcl-xL)  and  pro-apoptotic,  or 
death-promoting,  proteins  (Bid,  Bax).9-12  Imbalances  in  their 
relative  expression  levels  or  activities  result  in  insufficient 
cell  death,  as  in  cancer  and  autoimmunity,  or  excessive 
cell  death,  as  in  Alzheimer's  disease,  stroke  and  AIDS.  The 
Bcl-2  proteins  exert  their  apoptotic  activities  through  dimer¬ 
ization  with  other  Bcl-2  family  proteins,  binding  to  other 
non-homologous  proteins,  and  through  the  formation  of  ion 
channels  or  pores,  that  are  believed  to  play  an  important 
role  in  apoptosis  by  perturbing  mitochondrial  physiology 
leading  to  the  release  of  cytochrome  c.  Their  function  is  also 
regulated  by  subcellular  location,  as  they  cycle  between  solu¬ 
ble  and  membrane-bound  forms.  For  example,  anti-apoptotic 
Bcl-xL  is  found  predominantly  in  mitochondrial,  endoplas¬ 
mic  reticulum,  or  nuclear  membranes,  and  pro-apoptotic 
Bax  is  found  in  the  cytosol  when  inactive,  but  is  stimu¬ 
lated  bv  death  signals  to  insert  in  the  mitochondrial  outer 


i 

membrane,  where  it  participates  in  cytochrome  c  release  and 
mitochondrion-dependent  apoptosis . 

The  Bcl-2  domains  required  for  apoptotic  activity  and 
dimerization  have  been  determined  by  deletional  and  muta¬ 
tional  analyses,  and  corroborated  by  their  solution  structures, 
solved  primarily  by  NMR  spectroscopy.13-23  The  proteins 
are  built  in  modules  of  up  to  four  highly  conserved  Bcl- 
2  homology  (BH)  domains,  of  which  the  BH3  domain  is 
highly  conserved  and  essential  for  cell  killing  activity  and 
for  oligomerization  with  other  family  members  [Fig.  1(A)]. 
Several  family  members  also  have  a  hydrophobic  C-terminal 
domain,  which  is  probably  involved  in  membrane  associ¬ 
ation.  The  solution  structures  are  very  similar  [Fig.  1(B)], 
despite  the  lack  of  extensive  sequence  homology,  and  consist 
of  two  central  and  largely  hydrophobic  or  a-helices,  flanked 
on  two  sides  by  amphipathic  helices  and  a  large  flexible  loop 
which  connects  the  first  two  helices.  Notably,  the  structures 
also  bear  a  striking  similarity  to  those  of  the  pore-forming 
domains  of  bacterial  toxins,  known  to  form  ion  channels 
in  bacterial  membranes  [Fig.  1(C)],  and  indeed,  several  Bcl- 
2  proteins,  including  Bcl-xL,  Bcl-2,  Bax  and  Bid,  form  ion 
channels  under  conditions  where  bacterial  toxins  also  form 
channels.24  -  27  Solution  NMR  studies  of  anti-apoptotic  Bcl-xL 
and  pro-apoptotic  Bax,  in  lipid  micelles,  indicate  that  the 
structures  in  membrane  environments  are  very  different.20,28 
The  three-dimensional  membrane-associated  structures  are 
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not  known,  but  may  be  key  to  the  functional  differences 
between  pro-  and  anti-apoptotic  members  of  the  family. 

The  expression  and  purification  of  several  Bcl-2  family  pro¬ 
teins  have  been  described,29-31  and  here  we  present  the  first 
structural  studies  in  lipid  bilayer  membranes. 

FXYD  family  proteins 

The  FXYD  family  proteins  are  expressed  abundantly  in 
tissues  that  perform  fluid  and  solute  transport  (breast/ 
mammary  gland,  kidney,  colon,  pancreas,  prostate,  liver, 
lung  and  placenta),  or  that  are  electrically  excitable  (muscle, 
nervous  system),  where  they  function  to  regulate  the  flux  of 
transmembrane  ions,  osmolytes  and  fluids.32  The  protein 
sequences  are  highly  conserved  through  evolution,  and 
are  characterized  by  a  35-amino  acid  FXYD  homology 
(FH)  domain,  which  includes  the  transmembrane  (TM) 
domain  (Fig.  2).  The  short  motif  PFXYD  (Pro,  Phe,  X,  Tyr, 

Asp),  preceding  the  transmembrane  domain,  is  invariant 
in  all  known  mammalian  examples,  and  identical  in  other 
vertebrates,  except  for  the  proline.  X  is  usually  Tyr,  but  can 
also  be  Thr,  Glu  or  His.  In  all  these  proteins,  conserved 
basic  residues  flank  the  TM  domain,  the  extracellular  N- 
termini  are  acidic  and  the  cytoplasmic  C-termini  are  basic. 

PLM  (phospholemman)  is  one  of  the  best  characterized 
members  of  this  family,  and  the  major  substrate  of  hormone- 
stimulated  phosphorylation  by  cAMP-dependent  protein 


A  Anti-apoptotic 

Bcl2,  BclxL,  Bcl2-KSHV,  Bcl-w 


Pro-apoptotic 
Bax,  Bak 
Bid 


C  Colicin  Diphtheria  5-endotoxin 

toxin 

%  &  ® 

Figure  1.  Conserved  Bcl-2  homology  (BH)  domains  (A)  and  solution  structures  (B)  of  the  Bcl-2  protein  super  family.13  23  The  PDB 
file  numbers  of  the  structures  are  given  in  parentheses  for  Bcl-2  (1G5M),  Bcl-xL  (1LXL),  Bax  (1  FI  6),  Bid  (2BID,  1DDB),  KSHV-Bcl-2 
(1 K3K3)  and  Bcl-w  (1 OOL,  1 MK3).  The  structures  are  highly  homologous  to  those  of  (C)  the  channel-forming  domains  of  the  bacterial 
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_ FH _ 

PFXYP  +  TM _  +  + 

PLM  (FXYD1 )  MESPKEHDPFTYDYQSLQIGQLVIAGILFILGILIVLSRRCRCKFNQQQRTGEPDEEEGTFRSSIRRLSTRRR  72 

Gamma  (FXYD2)  mtelsanhggs  akgtenpfeydyetvrkg^Il i faglafwqll i llskrfrcggskkhrqvnedel  65 

Mat8  (FXYD3)  MNDLEDKNSPFYYDWHSLQVGGLXCAGVLCALGIIIVLSAKCKCKFGQKSGHHPGETPPLITPGSAQS  67 

CHIF  (FXYD4)  MNGPVDKGSPFYYDWESLQLGI^LIFGGLLCIAGIALALSGKCKCRRNHTPSSLPEKVTPLITPGSAST  67 

Ric  (FXYD5)  —  DTPQTLKPSGFHEDDPFFYDEHTLRKRGLLVAAVLFITQIIILTSGKCRQLSRLCRNHCR  157 

M  Sf 

Php  (FXYD6)  AEKEKEMDPFHYDYQTLRIGCJLVFAWLFSV8ILLILSRRCKCSFNQKPRAPGDEEAQVENLITANATEPQKAEN  75 

FXYD7  NEPDPFYYDYNTVQTVWlTLATILFLIjilLIVISKKVKCRKADSRSESPTCKSCKSELPSSAPGGGGV  67 

Figure  2.  Amino  acid  sequences  of  the  FXYD  membrane  proteins.  The  FXYD  homology  (FH)  domain  encompasses  the  FXYD 
consensus  sequence  and  the  transmembrane  (TM)  domain  is  flanked  by  conserved  positively  charged  residues.  Conserved  Gly 
residues  in  the  TM  domain  are  highlighted  in  gray. 


kinase  A  and  C  in  the  heart.33  CHIF  (channel-inducing 
factor)  is  upregulated  by  aldosterone  and  corticosteroids 
in  mammalian  kidney  and  intestinal  tracks,  where  it 
regulates  Na+  and  K+  homeostasis.34  Mat8  (mammary 
tumor  protein  8  kDa)  is  expressed  in  breast,  prostate,  lung, 
stomach,  and  colon,  and  also  in  human  breast  tumors, 
breast  tumor  cell  lines  and  prostate  cancer  cell  lines,  after 
malignant  transformation  by  oncogenes.35,36  Other  FXYD 
proteins  are  also  induced  by  oncogenic  transformation. 
All  three  proteins,  PLM,  Mat8  and  CHIF,  induce  ionic 
currents  in  Xenopus  oocytes  and  PLM  also  forms  ion 
channels  in  phospholipid  bilayers.35,37,38  The  identification 
of  several  FXYD  family  members,  including  PLM  and 
CHIF,  as  regulators  of  Na+,  K+-ATPase,  points  to  a 
mechanism  for  regulation  of  the  pump  that  involves 
the  expression  of  an  auxiliary  subunit.39'42  Recently,  we 
described  the  recombinant  expression,  purification  and 
sample  preparation  in  lipid  micelles  and  bilayers  for  three 
members  of  the  FXYD  family:  Mat8,  PLM  and  CHIF.43 

EXPERIMENTAL 

Protein  expression  and  purification 

Cloning,  protein  expression  in  E.  coli  and  protein  purifica¬ 
tion,  have  been  described  for  both  Bcl-2  and  FXYD  family 
proteins.29-31,43  For  protein  expression,  transformed  E.  coli 
clones  were  grown  on  minimal  M9  media  [100  gg  ml-1  ampi- 
cillin,  7.0  g  l"1  Na2HP04,  3.0  g  l'1  KH2P04,  0.5  g  l"1  NaCl, 
11  mg  1_1  CaCl2, 120  mg  1_1  MgS04,  50  mg  l-1  thiamine,  1% 
(v/v)  LB,  10  gl-1  D-glucose,  1  g  r1(NH4)2S04].  For  uni¬ 
formly  15N-labeled  proteins,  (15NH4)2S04  (Cambridge  Iso¬ 
tope  Laboratories,  Andover,  MA,  USA)  was  supplied  as  the 
sole  nitrogen  source.  The  identity,  purity  and  secondary 
structure  folds  of  the  proteins  were  characterized  by  N- 
terminal  amino  acid  sequence  analysis,  MALDI/TOF  mass 
spectrometry,  CD  spectroscopy  and  solution  NMR  spec¬ 
troscopy. 

The  anti-apoptotic  protein  Bcl-xL  was  expressed  in  a 
pET  vector,  as  a  soluble  protein  lacking  C-terminal  residues 
212-233,  with  a  N-terminal  (His)6  tag.  After  Ni  affinity  purifi¬ 
cation,  Bcl-xL  was  further  purified  by  anion-exchange  chro¬ 
matography  [HiPrep  16/10  Q  FF  (Amersham  Biosciences, 
Piscataway,  NJ  USA);  linear  gradient  of  NaCl,  in  50  mM 
sodium  ohosohate.  r>H  7.01.  followed  bv  size-exclusion 


chromatography  [Sephacryl-100  (Amersham  Biosciences)  in 
20  mM  sodium  phosphate,  150  mM  NaCl,  1  mM  EDTA,  1  mM 
NaN3,  pH  7]. 

The  FXYD  proteins  PLM,  CHIF  and  Mat8  were  expressed 
in  a  pET  vector  as  fusions  with  the  His-Tag-Trp  ALE  partner, 
which  promotes  the  formation  of  inclusion  bodies.44  After 
Ni  affinity  purification,  the  fusion  protein  was  reacted  with 
CNBr  to  release  intact  FXYD,  and  the  resulting  mixture  was 
purified  first  by  size-exclusion  chromatography  [Sephacryl- 
100  (Amersham  Biosciences)  in  10  mM  sodium  phosphate, 
4  mM  SDS,  23  mM  DTT,  1  mM  EDTA,  1  mM  NaN3,  pH 
7.5]  and  then  by  preparative  reversed-phase  HPLC  [Delta- 
Pak  C4  column,  15  gm,  300  A,  300  x  7.8  mm  i.d.  (Waters, 
Milford,  MA,  USA);  linear  gradient  of  acetonitrile  in  9:1 
water-acetonitrile  containing  0.1%  trifluoroacetic  acid]. 

Solid-state  NMR  samples 

Samples  of  Bcl-xL  in  lipid  bilayers  were  prepared  by 
mixing  2  mg  of  15N  labeled  Bcl-xL,  dissolved  in  buffer 
(10%  /3-octylglucoside,  20  mM  sodium  phosphate,  150  mM 
NaCl,  1  mM  EDTA,  1  mM  NaN3,  pH  7.0),  with  100  mg 
of  lipid,  DOPC  (dioleoylphosphatidylcholine)  and  DOPG 
(dioleoylphosphatidylglycerol)  in  a  molar  ratio  of  6:4, 
which  had  been  sonicated  to  form  unilamellar  vesicles. 
After  mixing,  5  ml  of  water  were  added,  the  mixture  was 
quick-frozen  in  liquid  nitrogen,  allowed  to  thaw  at  room 
temperature  and  bath-sonicated  for  30  s.  Detergent  was 
removed  by  dialyzing  the  preparation  against  two  changes 
of  4 1  of  buffer,  followed  by  two  changes  of  4 1  of  water, 
over  18  h.  The  reconstituted  vesicles  were  concentrated  by 
ultrafiltration  and  spread  on  the  surface  of  35  glass  slides, 
excess  water  was  evaporated  at  42  °C  and  the  slides  were 
stacked. 

Samples  of  CHIF  and  Mat8  in  lipid  bilayers  were 
prepared  by  first  dissolving  2  mg  of  15N-labeled  protein 
in  0.5  ml  of  TFE  with  50  gl  of  /i-mercaptoethanol  and  then 
adding  100  mg  of  lipid,  DOPC-DOPG  (8 : 2  molar  ratio),  in 
1  ml  of  CHC13.  After  spreading  this  solution  on  the  surface 
of  35  glass  slides,  the  solvents  were  removed  under  vacuum 
overnight  and  the  slides  were  stacked.  For  both  Bcl-xL  and 
FXYDs,  oriented  lipid  bilayers  were  formed  by  equilibrating 
the  stacked  slides  (dimensions  11  x  20  x  0.06  mm)  (Paul 
Marienfeld,  Germany)  for  24  h  at  40  °C  in  a  chamber 
containing  a  saturated  solution  of  ammonium  nhosnhate. 
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which  provides  an  atmosphere  of  93%  relative  humidity. 
The  samples  were  wrapped  in  Parafilm  and  then  sealed  in 
thin  polyethylene  film  prior  to  insertion  in  the  NMR  probe. 
Hydrogen-exchanged  samples  were  prepared  by  exposing 
the  stacked  oriented  bilayer  samples  to  an  atmosphere 
saturated  with  2H20.  This  was  achieved  by  placing  the 
sample  in  a  closed  chamber  containing  2H20  and  incubating 
at  40  °C  for  24  h. 

NMR  spectroscopy 

Solid-state  NMR  spectra  were  obtained  at  23  °C  on  a  Bruker 
(Billerica,  MA,  USA)  AVANCE  500  spectrometer  with  a 
wide-bore  500/89  Magnex  (Yamton,  UK)  magnet,  and  on  a 
Chemagnetics-Otsuka  Electronics  (Fort  Collins,  CO,  USA) 
CMX400  spectrometer,  with  a  wide-bore  400/89  Oxford 
Instruments  (Abingdon,  UK)  magnet.  The  laboratory-built 
double-resonance  (XH/15N  or  XH/31P)  probes  had  square  r.f. 
coils  wrapped  directly  around  the  samples.  The  15N  spectra 
were  obtained  with  single  contact  1  ms  CPMOIST45,46  and 
the  31 P  spectra  with  a  single  pulse.  Both  were  acquired  with 
continuous  XH  irradiation  (r.f.  field  strength  63  kHz),  in  order 
to  decouple  the  XH-15N  and  *H-31P  dipolar  interactions. 
The  15N  and  31P  chemical  shifts  were  referenced  to  0  ppm 
for  liquid  ammonia  and  phosphoric  acid.  Tire  NMR  data 
were  processed  using  the  programs  NMRPipe47  and  FELIX 
(Accelerys,  San  Diego,  CA,  USA)  on  Linux/Dell  (Round 


Rock,  TX,  USA)  or  Silicon  Graphics  (Mountain  View,  CA, 
USA)  computer  workstations. 

RESULTS  AND  DISCUSSION 
Anti-apoptotic  Bcl-xL 

The  spectra  in  Figure  3  were  obtained  from  samples  of  Bcl-xL 
in  oriented  [Fig.  3(A)  and  (C)]  and  unoriented  [Fig.  3(B)]  lipid 
bilayers.  The  spectra  from  unoriented  samples  are  excellent 
indicators  of  protein  dynamics,  because  motional  averaging 
has  pronounced  effects  on  powder  patterns.  The  spectrum 
from  the  unoriented  sample  of  Bcl-xL,  which  spans  the 
full  range  (60-220  ppm)  of  the  amide  15N  chemical  shift 
interaction,  shows  no  evidence  of  motional  averaging.  The 
intensity  near  35  ppm,  also  present  in  the  spectrum  from 
the  oriented  sample,  is  from  the  protein  amino  groups, 
which  have  a  considerably  narrower  15N  chemical  shift 
anisotropy.  In  contrast,  the  spectrum  obtained  from  oriented 
Bcl-xL  [Fig.  3(A)]  is  very  different,  as  it  is  separated  into 
discemable  resonances  with  distinctly  increased  intensity 
near  170  and  80  ppm.  The  dominant  spectral  features  reflect 
a  structural  model  where  resonances  near  170  ppm  are  from 
the  membrane-inserted  helices  and  resonances  near  80  ppm 
are  from  helices  resting  on  the  membrane  surface.  The 
phospholipid  phase  and  the  degree  of  phospholipid  bilayer 
alignment  can  be  assessed  with  31 P  NMR  spectroscopy  of 


Figure  3.  31 P  and  15N  chemical  shift  solid-state  NMR  spectra  of  uniformly  15N-labeled  Bcl-xL  in  oriented  (A,  C)  and  unoriented  (B) 
lipid  bilayers.  The  data  support  an  umbrella  model  for  membrane  association  of  Bcl-2  family  proteins  (D),  illustrated  here  for  Bcl-xL 
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the  lipid  phosphate  headgroup.  The  31P  NMR  spectrum 
obtained  for  oriented  lipids  with  Bcl-xL  has  a  single 
resonance  near  30  ppm,  which  is  characteristic  of  intact 
and  highly  oriented  membranes  in  a  bilayer  arrangement 
[Fig.  3(C)].  The  presence  of  a  single  peak  demonstrates 
that  the  samples  are  highly  oriented,  as  required  for  NMR 
structure  determination.  Thus,  taken  together,  the  15N  and 
31 P  spectra  provide  evidence  that  Bcl-xL,  an  anti-apoptotic 
Bcl-2  family  protein,  inserts  in  membranes,  and  does  so 
without  disruption  of  the  membrane  integrity. 

Like  the  pore-forming  domain  of  bacterial  colicin,  Bcl- 
xL  has  two  central  hydrophobic  helices,  c*5  and  a6,  that 
are  long  enough  to  span  the  membrane,  and  are  required  for 
both  channel  formation  and  cytoprotective  activity.48  We  find 
that  this  structural  similarity  between  the  soluble  forms  of  the 
two  proteins  appears  to  extend  to  their  membrane  associated 
structures.  For  colicin,  insertion  of  the  hydrophobic  helical 
hairpin  into  the  membrane  is  supported  by  planar  bilayer 
experiments,49  fluorescence  energy  transfer50  and  solid-state 
NMR.5152  Membrane  association  occurs  when  the  colicin 
soluble  helical  bundle  unfolds,  exposing  the  hydrophobic 
helical  hairpin  which  inserts  in  the  membrane,  while  the  rest 
of  the  protein  forms  a  helical  network  on  the  membrane 
surface,  adopting  a  so-called  umbrella  conformation.50,53 
The  solid-state  NMR  data  in  Fig.  3(A)  suggest  that  Bcl-xL 
associates  with  membranes  in  a  similar  fashion,  as  illustrated 
in  Fig.  3(D),  with  the  a5-a6  helical  hairpin  inserting  in  the 
membrane. 

The  two-dimensional  'H/15N  PISEMA  (Polarization 
Inversion  with  Spin  Exchange  at  the  Magic  Angle)54  spec¬ 
tra  of  oriented  proteins  display  characteristic  patterns  of 
resonances  that  reflect  helical  wheel  projections  of  protein 
residues,  and  that  are  sensitive  to  the  tilt  and  rotation  of 
helices  in  membranes  [Fig.  4(C)].4-6  These  two-dimensional 
patterns  serve  as  sensitive  and  visually  accessible  indices 
of  membrane  protein  secondary  structure  and  topology, 


but  the  positions  of  resonances  in  the  corresponding  one¬ 
dimensional  projections  can  also  provide  good  estimates  of 
helix  tilt  [Fig.  4(B)].  Thus,  in  the  spectrum  from  oriented 
Bcl-xL,  the  observation  of  15N  chemical  shifts  near  170  ppm 
suggests  that  the  membrane-inserting  helices  cross  the  lipid 
bilayer  with  a  substantial  angle.  We  determined  this  angle  to 
be  around  40°,  by  comparing  the  Bcl-xL  spectrum  [Fig.  4(B), 
black]  with  the  spectra  calculated  for  helices  at  varying 
degrees  of  tilt  [Fig.  4(B),  gray].  For  helices  with  this  tilt,  the 
1SN  resonances  are  spread  over  a  frequency  range  of  about 
60  ppm  and,  depending  on  helix  rotation,  they  can  be  seg¬ 
regated  into  two  major  bands  of  equal  intensity  centered 
at  175  and  125  ppm.  In  the  spectrum  of  oriented  Bcl-xL, 
we  determined  the  ratio  of  spectral  intensities  centered  at 
170  ppm  (/]7o)  and  80  ppm  ( Im )  to  be  Im  :  /go  =  15:85.  This 
is  consistent  with  a  model  for  membrane  association,  where 
the  a5  and  a6  helices  of  Bcl-xL,  which  make  up  about  20% 
of  the  total  protein,  span  the  membrane  with  a  tilt  of  40°, 
adding  to  the  spectral  intensity  at  both  170  and  125  ppm, 
while  the  other  helices  rest  on  the  membrane  surface,  adding 
to  spectral  intensity  at  80  ppm.  This  is  the  umbrella  model 
shown  in  Fig.  3(D). 

The  solid-state  NMR  samples  of  Bcl-xL  in  oriented  lipid 
bilayers  were  prepared  with  the  same  Bcl-xL  constructs 
and  methods  for  sample  preparation  that  were  used  for 
the  ion-channel  activity  studies,  which  provided  the  initial 
evidence  for  membrane  insertion  by  Bcl-xL.  Nevertheless,  we 
note  that  resonances  at  chemical  shifts  for  transmembrane 
amide  nitrogens  simply  imply  amide  NH  bonds  aligned 
with  the  bilayer  normal,  and  demonstrating  that  these  are 
indeed  transmembrane  domains  requires  the  resolution  and 
assignment  of  resonances  in  two-  and  three-dimensional 
spectra,  followed  by  structure  determination. 

FXYD  proteins 

The  solid-state  NMR  spectra  of  15N-labeled  CHIF  and 
Mat8  in  lipid  bilayers  are  shown  in  Fig.  5.  The  degree 
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Figure  4.  Experimental  (black)  and  calculated  (gray)  solid-state  NMR  spectra  for  a  20-residue  a-helix,  with  uniform  dihedral  angles 
(0/Vr  =  -65/— 40°),  at  different  helix  tilts  relative  to  the  magnetic  field  direction  and  the  membrane  normal  (A).  The  calculated 
one-dimensional  spectra  (gray)  are  superimposed  with  the  spectrum  from  uniformly  15N-labeled  Bcl-xL  in  oriented  lipid  bilayers 
(black)  (B).  The  two-dimensional 1 H/15N  PISEMA  spectra  trace  out  the  characteristic  resonance  Pisa  wheels  from  helices  associated 
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Figure  5.  31 P  and  15N  chemical  shift  solid-state  NMR  spectra 
of  uniformly  15N-labeled  CHIF  (A-F)  and  Mat8  (G,  FI)  in  lipid 
bilayers.  Spectra  were  obtained  from  unoriented  lipid  bilayer 
samples  (A,  D,  G),  from  oriented  lipid  bilayer  samples  (B,  E,  FI) 
and  from  hydration-optimized  lipid  bilayers  containing  CHIF 
(C,  F). 


of  phospholipid  bilayer  alignment  can  be  assessed  with 
31 P  NMR  spectroscopy  of  the  lipid  phosphate  headgroup, 
as  shown  in  Fig.  5(A)  and  (B).  The  31P  NMR  spectra 
obtained  for  the  CHIF  samples  are  characteristic  of  intact 
liquid-crystalline  bilayers,  in  both  unoriented  [Fig.  5(A)] 
and  oriented  [Fig.  5(B)]  samples.  Moreover,  the  spectrum 
from  the  oriented  sample  has  a  single  peak  near  30  ppm, 
as  expected  for  highly  aligned  bilayers  with  this  lipid 
composition  (DOPC-DOPG,  8 : 2  molar  ratio).  These  spectra 
demonstrate  that  the  samples  are  highly  oriented. 

The  one-dimensional  15N  chemical  shift  spectra  of  CHIF 
[Fig.  5(D)  and  (E)]  and  Mat8  [Fig.  5(G)  and  (H)]  provide  a 
first  view  of  the  topology  adopted  by  FXYD  proteins  in 
membranes.  A  preliminary  analysis  of  the  solid-state  NMR 
data  is  possible  since  both  CD  and  NMR  spectroscopy 
in  micelles  show  that  the  overall  secondary  structure  of 
these  proteins  is  a-helical.43  Many  membrane  proteins  in 
lipid  bilayers  are  largely  immobile  on  the  NMR  time-scales, 
and  their  resonances  are  therefore  not  motionally  averaged 
but  have  frequencies  that  reflect  the  orientation  of  their 
respective  sites  relative  to  the  direction  of  the  magnetic  field. 
In  our  samples,  the  lipid  bilayer  plane  is  perpendicular  to 
the  magnetic  field  direction,  and  therefore  each  resonance 
frequency  reflects  the  orientation  of  its  corresponding  protein 
site  relative  to  the  membrane. 

In  the  spectra  of  CHIF  and  Mat8  in  oriented  bilayers 
[Fig.  5(E)  and  (H)],  the  resonance  intensity  near  200  ppm 
arises  from  backbone  amide  sites  in  the  FXYD  transmem¬ 
brane  helix  that  have  their  NH  bonds  nearly  perpendicular 
to  the  plane  of  the  membrane,  while  the  intensity  near 
80  ppm  is  from  sites  in  the  N-  and  C-termini,  with  NH  bonds 
nearly  parallel  to  the  membrane  surface.  The  rather  narrow 
dispersion  of  15N  resonances  centered  around  200  ppm  sug¬ 
gests  that  the  transmembrane  helix  crosses  the  lipid  bilayer 
membrane  with  a  verv  small  tilt  anele.  The  snertrum  of 


CHIF,  in  particular,  has  significant  resolution  with  identifi¬ 
able  peaks  at  frequencies  throughout  the  range  of  the  15N 
amide  chemical  shift,  and  is  strikingly  different  from  that 
obtained  from  unoriented  bilayers,  which  provides  no  res¬ 
olution  [Fig.  5(D)].  The  peak  near  35  ppm  results  from  the 
amino  groups  of  the  lysine  side-chains  and  the  N-terminus. 

For  both  CHIF  and  Mat8  in  unoriented  bilayers,  most 
of  the  backbone  sites  are  structured  and  immobile  on  the 
timescale  of  the  15N  chemical  shift  interaction  (10  kHz), 
and  contribute  to  the  characteristic  amide  powder  patterns 
between  about  220  and  60  ppm  [Fig.  5(D)  and  (G)].  Some 
of  the  backbone  sites,  probably  near  the  N-  and  C-termini, 
are  mobile,  and  give  rise  to  the  resonance  band  centered 
near  120  ppm.  Therefore,  while  certain  resonances  near 
120  ppm  in  the  spectrum  of  oriented  CHIF  may  reflect 
specific  orientations  of  their  corresponding  sites,  some  others 
arise  from  mobile  backbone  sites. 

Recently,  we  described  the  preparation  of  oriented, 
hydration-optimized  lipid  bilayer  samples,  for  NMR  struc¬ 
ture  determination  of  membrane  proteins.55  The  samples 
consist  of  planar  phospholipid  bilayers,  containing  mem¬ 
brane  proteins,  that  are  oriented  on  single  pairs  of  glass 
slides,  and  that  have  significantly  reduced  water  content. 
The  hydration-optimized  samples  overcome  some  of  the  dif¬ 
ficulties  associated  with  multi-dimensional,  high-resolution, 
solid-state  NMR  spectroscopy  of  membrane  proteins.  They 
have  greater  stability  over  the  course  of  multi-dimensional 
NMR  experiments,  they  have  lower  sample  conductance  for 
greater  r.f.  power  efficiency  and  allow  greater  r.f.  coil  filling 
factors  to  be  obtained  for  improved  experimental  sensitivity. 
Sample  preparation  was  illustrated  for  the  FXYD  membrane 
protein  CHIF;  in  going  from  fully  hydrated  to  hydration- 
optimized  conditions,  samples  of  CHIF  in  bilayers  retained 
a  high  degree  of  alignment,  as  evidenced  from  the  31 P  NMR 
spectrum  [Fig.  5(C)],  and  also  retained  the  protein  structural 
features,  as  reflected  in  the  15N  spectrum  [Fig.  5(F)]. 

Hydrogen  exchange  experiments  are  useful  for  iden¬ 
tifying  hydrogen-bonded  residues,  and  can  also  provide 
evidence  of  transmembrane  helices.  When  the  CHIF  sample 
was  exposed  to  deuterated  water,  the  amide  hydrogens  in  the 
transmembrane  helix  did  not  exchange  whereas  those  in  the 
rest  of  the  protein  underwent  hydrogen  exchange,  and  their 
resonances  disappeared  from  the  spectrum  [Fig.  6(C)].  Thus, 
the  spectra  in  Fig.  6  provide  evidence  for  a  tight  hydrogen 
bonding  network  in  the  transmembrane  helix  of  CHIF. 


CONCLUSIONS 

The  Bcl-2  family  proteins  act  as  powerful  promoters  or 
repressors  of  programmed  cell  death.  These  proteins  cycle 
between  soluble  forms  with  globular  structures  determined 
primarily  by  NMR,  and  membrane-bound  forms,  that  prob¬ 
ably  perturb  mitochondrial  physiology  leading  to  the  release 
of  cytochrome  c  in  mitochondrion-dependent  apoptosis,  and 
whose  structures  have  not  yet  been  determined.  The  15N 
solid-state  NMR  spectra  of  the  anti-apoptotic  family  mem¬ 
ber  Bcl-xL  in  oriented  lipid  bilayers  are  consistent  with  a 
model  for  membrane  association  where  the  protein  inserts 
its  central  hvdronhobir  helices  in  the  membrane,  while  the 
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15N  shift  (ppm) 

Figure  6.  15N  chemical  shift  solid-state  NMR  spectra  of 
uniformly  15N-labeled  CHIF  in  unoriented  (A)  and  oriented  (B, 

C)  lipid  bilayers.  Resonances  near  200  ppm  are  from  residues 
in  the  transmembrane  helix  that  are  resistant  to  hydrogen 
exchange,  and  are  visible  in  the  spectra  obtained  both  after 
hydration  with  H2O  (A,  B)  and  after  hydration  with  2H20  (C). 

remaining  helices  fold  up  to  rest  on  the  membrane  surface. 
This  is  similar  to  the  umbrella  model  proposed  for  membrane 
association  of  the  structurally  homologous  channel-forming 
bacterial  colicins.  The  31 P  NMR  spectra  obtained  from  the 
oriented  lipids  in  the  sample  demonstrate  that  membrane 
association  of  Bcl-xL  maintains  the  lipid  bilayer  membranes 
intact,  and  highly  oriented  samples  can  be  prepared  for 
structural  studies. 

The  FXYD  membrane  proteins  regulate  ion,  osmolyte  and 
fluid  homeostasis  in  a  variety  of  tissues,  and  are  emerging  as 
auxiliary  tissue-specific  and  physiological  state-specific  sub¬ 
units  of  the  Na+,  K+-ATPase.  The  cloning,  expression  and 
purification  of  the  recombinant  FXYD  family  members  PLM, 
CHIF  and  Mat8  enable  NMR  structural  studies  to  be  per¬ 
formed  in  membrane  environments,  since  the  proteins  can 
be  isotopically  labeled,  and  obtained  in  quantities  that  are 
suitable  for  NMR  structure  determination.  The  15N  solid-state 
NMR  spectra  from  oriented  lipid  bilayer  samples  provide  a 
first  view  of  the  topological  features  of  their  transmembrane 
and  terminal  domains.  The  ability  to  produce  milligram 
quantities  of  pure  FXYD  proteins  lays  the  foundation  for 
functional  studies  that,  together  with  structure  determina¬ 
tion,  can  provide  important  structure-activity  correlations. 
For  example,  the  reconstitution  of  Na+,  K+-ATPase  activity 
in  the  presence  of  FXYD  proteins  would  be  an  important 
step  in  understanding  the  mechanism  of  pump  regulation, 
while  the  incorporation  of  FXYD  proteins  in  lipid  bilayers 
would  enable  ion  channel  activities  to  be  characterized  by 
measuring  specific  ionic  currents. 
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The  proapoptotic  Bcl-2  family  protein  Bid  is  cleaved 
by  caspase-8  to  release  the  C-terminal  fragment  tBid, 
which  translocates  to  the  outer  mitochondrial  mem¬ 
brane  and  induces  massive  cytochrome  c  release  and 
cell  death.  In  this  study,  we  have  characterized  the  con¬ 
formation  of  tBid  in  lipid  membrane  environments,  us¬ 
ing  NMR  and  CD  spectroscopy  with  lipid  micelle  and 
lipid  bilayer  samples.  In  micelles,  tBid  adopts  a  unique 
helical  conformation,  and  the  solution  NMR  XH/15N 
HSQC  spectra  have  a  single  well  resolved  resonance  for 
each  of  the  protein  amide  sites.  In  lipid  bilayers,  tBid 
associates  with  the  membrane  with  its  helices  parallel 
to  the  membrane  surface  and  without  trans-membrane 
helix  insertion,  and  the  solid-state  NMR  1HflsN  polariza¬ 
tion  inversion  with  spin  exchange  at  the  magic  angle 
spectrum  has  all  of  the  amide  resonances  centered  at 
15N  chemical  shift  (70-90  ppm)  and  1H-1SN  dipolar  cou¬ 
pling  (0-5  kHz)  frequencies  associated  with  NT!  bonds 
parallel  to  the  bilayer  surface,  with  no  intensity  at  fre¬ 
quencies  associated  with  Nil  bonds  in  trans-membrane 
helices.  Thus,  the  cytotoxic  activity  of  tBid  at  mitochon¬ 
dria  may  be  similar  to  that  observed  for  antibiotic 
polypeptides,  which  bind  to  the  surface  of  bacterial 
membranes  as  amphipathic  helices  and  destabilize  the 
bilayer  structure,  promoting  the  leakage  of  cell 
contents. 


Programmed  cell  death  is  initiated  when  death  signals  acti¬ 
vate  the  caspases,  a  family  of  otherwise  dormant  cysteine  pro¬ 
teases.  External  stress  stimuli  trigger  the  ligation  of  cell  sur¬ 
face  death  receptors,  thereby  activating  the  upstream  initiator 
caspases,  which  in  turn  process  and  activate  the  downstream 
cell  death  executioner  caspases  (1).  In  addition,  caspases  can  be 
activated  when  stress  or  developmental  cues  within  the  cell 
induce  the  release  of  cytotoxic  proteins  from  mitochondria.  This 
intrinsic  mitochondrial  pathway  for  cell  death  is  regulated  by 
the  relative  ratios  of  the  pro-  and  antiapoptotic  members  of  the 
Bcl-2  protein  family  (2). 

Bcl-2  family  proteins  exert  their  apoptotic  activities  through 
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binding  with  other  Bcl-2  family  members  or  other  nonhomolo- 
gous  proteins  and  through  the  formation  of  ion-conducting 
pores  that  are  thought  to  influence  cell  fate  by  regulating 
mitochondrial  physiology.  Their  functions  are  also  regulated  by 
subcellular  location,  since  they  cycle  between  soluble  and  mem¬ 
brane-bound  forms.  The  proteins  share  sequence  homology  in 
four  evolutionarily  conserved  domains  (BH1-BH4),  of  which 
the  BH3  domain  is  highly  conserved  and  essential  for  both  cell 
killing  and  oligomerization  among  Bcl-2  family  members.  The 
antiapoptotic  family  members  have  all  four  domains,  whereas 
all  of  the  proapoptotic  members  lack  BH4,  and  some  only  have 
BH3.  These  BH3-only  proteins  are  activated  by  upstream 
death  signals,  which  trigger  their  transcriptional  induction  or 
post-translational  modification,  providing  a  key  link  between 
the  extrinsic  death  receptor  and  intrinsic  mitochondrial  path¬ 
ways  to  cell  death  (3). 

One  of  these  BH3-only  Bcl-2  family  members,  Bid,  is  a  195- 
residue  cytosolic  protein  that  lacks  the  hydrophobic  C-terminal 
domain  often  found  in  other  Bcl-2  family  members  and  con¬ 
nects  the  extrinsic  and  intrinsic  cell  death  pathways  (4).  The 
major  mechanism  for  Bid  activation  involves  its  cleavage  by 
caspase-8,  after  engagement  of  the  Fas  or  TNFR1  cell  surface 
receptors  (5-7).  Caspase-8  cleavage  of  Bid  releases  the  15-kDa 
C-terminal  fragment  tBid,  which  translocates  to  the  outer  mi¬ 
tochondrial  membrane,  where  it  induces  massive  cytochrome  c 
release  and  cell  death.  tBid  has  a  10-fold  greater  binding  affin¬ 
ity  for  its  antagonist  Bcl-XL  and  is  100-fold  more  efficient  in 
inducing  cytochrome-c  release  from  mitochondria  than  its  full- 
length  precursor.  Upon  translocation  from  the  cytosol  to  mito¬ 
chondria,  tBid  can  interact  with  proapoptotic  Bax  and  Bak  to 
promote  mitochondrial  apoptosis  (8,  9),  or  it  can  interact  with 
antiapoptotic  Bcl-2  and  Bcl-XL  and,  thus,  be  sequestered  from 
the  cell  and  held  in  check  (10).  Cell-free  studies  have  shown 
that  Bid  and  Bax  are  sufficient  to  form  large  openings  in 
reconstituted  lipid  vesicles  (11).  In  addition,  tBid  can  promote 
the  alteration  of  membrane  curvature  in  artificial  lipid  bilayers 
(12),  and  it  can  associate  directly  with  mitochondria,  inducing 
a  remodeling  of  mitochondrial  structure.  tBid-induced  mito¬ 
chondrial  remodeling  is  characterized  by  the  reorganization  of 
inner  membrane  cristae  to  form  a  highly  interconnected  com¬ 
mon  intermembrane  space  and  is  accompanied  by  redistribu¬ 
tion  of  the  cytochrome  c  stores  from  individual  cristae  to  the 
intermembrane  space  (13),  which  may  account  for  the  rapid 
and  complete  release  of  mitochondrial  cytochrome  c  that  is 
observed  in  the  presence  of  tBid. 

The  Bid  BH3  domain,  while  essential  for  binding  to  other  Bcl-2 
family  members,  is  not  required  for  either  translocation  to  the 
outer  mitochondrial  membrane  and  mitochondrial  remodeling  or 
complete  cytochrome  c  release.  The  specific  targeting  of  tBid  to 
the  outer  mitochondrial  membrane  is  mediated  by  the  abundant 
mitochondrial  lipid  cardiolipin  (14,  15),  whose  metabolism  fur¬ 
ther  regulates  cytochrome  c  release  and  mitochondrion-depend¬ 
ent  apoptosis  in  a  Bcl-2-  and  caspase-independent  maimer  (16). 
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These  lines  of  evidence  suggest  that  Bid  induces  cell  death 
through  two  separate  mechanisms,  a  BH3-dependent  mecha¬ 
nism  that  involves  binding  to  other  multidomain  Bcl-2  family 
members  and  a  BH3-independent  mechanism  that  involves  di¬ 
rect  association  and  interaction  with  the  outer  mitochondrial 
membrane. 

The  structure  of  full-length  Bid  in  solution  consists  of  eight 
a-helices  arranged  with  two  central  somewhat  more  hydropho¬ 
bic  helices  forming  the  core  of  the  molecule  (17,  18).  The  third 
helix,  which  contains  the  BH3  domain,  is  connected  to  the  first 
two  helices  by  a  long  flexible  loop,  which  includes  the  caspase-8 
cleavage  site,  Asp60  (Fig.  1).  Despite  the  lack  of  sequence  ho¬ 
mology,  the  structure  of  Bid  is  strikingly  similar  to  those  of 
other  anti-  and  proapoptotic  multidomain  Bcl-2  family  proteins 
(19-22),  and  it  is  also  similar  to  the  structure  of  the  pore¬ 
forming  domains  of  bacterial  toxins.  Indeed,  like  the  toxins  and 
other  Bcl-2  family  proteins,  tBid  also  forms  ion-conducting 
pores  in  lipid  bilayers  (23).  The  structural  basis  for  Bcl-2  pore 
formation  is  not  known,  since  the  structures  that  have  been 
determined  are  for  the  soluble  forms  of  the  proteins,  but  by 
analogy  to  the  bacterial  toxins,  the  Bcl-2  pores  are  thought  to 
form  by  a  rearrangement  of  their  compactly  folded  helices  upon 
contact  with  the  mitochondrial  membrane.  One  model  proposes 
membrane  insertion  of  the  core  hydrophobic  helical  hairpin 
with  the  other  helices  folding  up  to  rest  on  the  membrane 
surface,  whereas  an  alternative  model  envisions  the  helices 
rearranging  to  bind  the  membrane  surface  without  insertion 
(24,  25). 

In  this  study,  we  have  examined  the  conformation  and  topol¬ 
ogy  of  tBid  in  lipid  membrane  environments,  using  solution 
NMR  and  CD  experiments  with  micelle  samples  and  solid-state 
NMR  experiments  with  lipid  bilayer  samples.  In  the  absence  of 
lipids,  tBid  is  soluble  and  retains  a  largely  helical  conforma¬ 
tion,  but  many  of  the  1H/1SN  resonances  are  missing  from  the 
solution  NMR  heteronuclear  single  quantum  coherence 
(HSQC)1  spectrum,  suggesting  that  tBid  aggregates,  adopts 
multiple  conformations,  or  undergoes  dynamic  averaging  on 
the  NMR  time  scale.  In  micelles,  tBid  adopts  a  unique  helical 
conformation,  reflected  in  the  HSQC  spectrum,  where  each  of 
the  130  amide  sites  gives  rise  to  a  single  well  resolved  reso¬ 
nance.  The  solid-state  NMR  polarization  inversion  with  spin 
exchange  at  the  magic  angle  (PISEMA)  spectrum  of  tBid  in 
lipid  bilayers  demonstrates  that  it  binds  the  membrane  with  its 
helices  parallel  to  the  membrane  surface  and  without  trans¬ 
membrane  helix  insertion.  This  suggests  that  the  BH3-inde- 
pendent  cytotoxic  activity  of  tBid  may  be  similar  to  that  ob¬ 
served  for  antibiotic  polypeptides  that  bind  to  the  surface  of 
bacterial  membranes  as  amphipathic  helices  and  destabilize 
the  bilayer  structure,  promoting  the  leakage  of  cell  contents. 

MATERIALS  AND  METHODS 

Protein  Expression — The  gene  encoding  human  tBid  was  obtained  by 
PCR  amplification  of  the  405-base  pair  segment  corresponding  to  amino 
acids  60-195  of  full-length  human  Bid  (accession  number  P55957).  The 
gene  was  cloned  into  the  pMMHa  vector,  which  directs  the  expression  of 
proteins  fused  to  the  C  terminus  of  the  His9-TrpALE  polypeptide  (26). 
The  plasmid  was  transformed  in  Escherichia  coli  C41(DE3),  a  mutant 
strain  that  was  selected  for  the  expression  of  insoluble  or  toxic  proteins 
(27).  tBid  was  expressed  as  an  insoluble  protein,  with  the  His9-TrpALE 
polypeptide  fused  to  its  N  terminus.  To  enable  CNBr  (cyanogen  bro¬ 
mide)  cleavage  of  tBid  from  the  TrpALE  fusion  partner,  the  Met  resi¬ 
dues  (Met97,  Met142,  Met148,  and  Met194)  in  the  tBid  sequence  were 


1  The  abbreviations  used  are:  HSQC,  heteronuclear  single  quantum 
coherence;  PISEMA,  polarization  inversion  with  spin  exchange  at  the 
magic  angle;  SMAC,  second  mitochondria-derived  activator  of  caspases; 
NT  A,  nitrilotriacetic  acid;  DOPC,  l,2-dioleoyl-sn-glycero-3-phosphocho- 
line;  DOPG,  1 ,2-dioleoy l-sn-glycero-3- [phospho-rac-(  1-glycerol)] ;  LPPG, 


changed  to  Leu.  The  His9-TrpALE-tBid  fusion  protein  was  purified  from 
the  inclusion  body  fraction  of  the  lysate  by  nickel  affinity  chromatog¬ 
raphy  (His-Bind  Resin  (Novagen,  Madison,  WI)  in  6  M  guanidine  HC1, 
20  mM  Tris-Cl,  pH  8.0,  500  mM  NaCl,  500  mM  imidazole).  After  dialysis 
against  water,  the  fusion  protein  was  dissolved  in  0.1  n  HC1  and  then 
cleaved  from  the  TrpALE  fusion  partner  by  reaction  with  a  10-fold 
molar  excess  of  CNBr  (28).  tBid  was  purified  by  reverse-phase  high 
pressure  liquid  chromatography  (Delta-Pak  C4  (Waters,  Milford,  MA) 
in  50%  water,  50%  acetonitrile,  0.1%  trifluoroacetic  acid).  The  methods 
for  inclusion  bodies  isolation  and  fusion  protein  purification  were  as 
described  (26,  29).  Cell  cultures  were  in  M9  minimal  medium  as  de¬ 
scribed  (29).  For  the  production  of  uniformly  16N-labeled  proteins, 
(15NH4)2S04  was  supplied  as  the  sole  nitrogen  source.  For  selectively 
labeled  protein,  individual  15N-labeled  and  nonlabeled  amino  acids 
were  provided.  All  isotopes  were  from  Cambridge  Isotope  Laboratories 
(Andover,  MA). 

Mitochondrial  Release  Assays — HeLa  cells  were  harvested  and  then 
washed  and  suspended  in  HM  buffer  (10  mM  HEPES,  pH  7.4,  250  mM 
mannitol,  10  mM  KC1,  5  mM  MgCl2,  1  mM  EGTA,  1  mM  phenylmethyl- 
sulfonyl  fluoride,  and  complete  protease  inhibitor  mixture  (Roche  Ap¬ 
plied  Science)).  Cells  were  homogenized  with  50  strokes  of  a  Teflon 
homogenizer  with  a  B-type  pestle  and  centrifuged  twice  at  600  x  g  for 
5  min  at  4  °C.  The  supernatant  was  centrifuged  at  10,000  x  g  for  10  min 
at  4  °C,  and  the  resulting  pellet,  containing  mitochondria,  was  washed 
twice  in  HM  buffer  and  then  suspended  in  HM  buffer  at  a  concentration 
of  1  mg/ml.  Isolated  HeLa  mitochondria  (10  /xl)  were  incubated  with  HM 
buffer  (50  pi)  containing  increasing  amounts  of  tBid  at  30  °C  for  1  h. 
The  samples  were  centrifuged  at  10,000  x  g  for  10  min,  and  the  pellet 
and  supernatant  fractions  were  each  resolved  by  SDS-PAGE  and  ana¬ 
lyzed  by  immunoblotting  using  cytochrome  c  and  second  mitochondria- 
derived  activator  of  caspases  (SMAC)  antibodies. 

Bcl-XL  Binding  Assays — The  expression  of  recombinant  His-tagged 
Bcl-XL(AC),  without  the  C-terminal  amino  acids  212-233,  was  as  de¬ 
scribed  (30).  For  the  binding  assays,  His„-Bcl-XL(AC)  protein  (15  pg) 
was  incubated  at  4  °C  for  4  h  with  10  pi  of  Ni2+-NTA  resin  (Novagen, 
Madison,  WI)  in  phosphate-buffered  saline  buffer  (10  mM  sodium  phos¬ 
phate,  150  mM  sodium  chloride,  pH  7.2),  and  then  the  resin  was  washed 
three  times,  tBid  (15  pg)  was  added,  and  the  mixture  was  further 
incubated  for  4  h.  The  resin  was  washed  three  times  with  phosphate- 
buffered  saline,  and  then  the  bound  proteins  were  eluted  with  500  mM 
imidazole.  The  samples  were  resolved  by  SDS-PAGE  stained  with  Coo- 
massie  Blue.  As  a  control,  tBid  was  incubated  with  the  resin  in  the 
absence  of  Bcl-XL. 

CD  Spectroscopy — The  samples  were  identical  to  those  used  for  so¬ 
lution  NMR  experiments  but  contained  40  pM  tBid.  The  samples  were 
transferred  to  a  quartz  cuvette  (0.1-mm  path  length),  and  far-UV  CD 
spectra  were  recorded  at  25  °C  on  a  model  62A-DS  CD  spectrometer 
(Aviv,  Lakewood,  NJ)  equipped  with  a  temperature  controller.  A  5-s 
time  constant  and  a  1-nm  bandwidth  were  used  during  data  acquisition 
over  a  wavelength  range  of  180-260  nm.  For  each  sample,  three  spectra 
were  recorded,  averaged,  and  referenced  by  subtracting  the  average  of 
three  spectra  obtained  using  the  buffer  alone.  The  spectra  were  ana¬ 
lyzed  for  protein  secondary  structure  with  the  k2d  program  (available 
on  the  World  Wide  Web  at  www.embl-heidelberg.de/~andrade/k2d/) 
(31). 

Solution  NMR — The  sample  of  tBid  without  lipids  contained  0.7-1 
mM  16N-labeled  tBid,  in  50  mM  sodium  phosphate,  pH  5.  In  the  absence 
of  lipids,  tBid  is  not  soluble  in  the  millimolar  concentrations  required 
for  NMR  at  pH  values  greater  than  5.  The  samples  of  tBid  in  micelles 
contained  1  mM  15N-labeled  tBid  in  20  mM  sodium  phosphate,  pH  7, 
with  500  mM  SDS  (Cambridge,  Andover,  MA)  or  100  mM  1-palmitoyl- 
2-hydroxy-sn-glycero-3-[phospho-rac-(l-glycerol)]  (LPPG);  Avanti, 
Alabaster,  AL). 

Solution  NMR  experiments  were  performed  on  a  Broker  AVANCE 
600  spectrometer  (Billerica,  MA)  with  a  600/54  Magnex  magnet  (Yamton, 
UK),  equipped  with  a  triple-resonance  5-mm  probe  with  three-axis  field 
gradients.  The  two-dimensional  'H/16N  HSQC  (32)  spectra  were  ob¬ 
tained  at  40  °C.  The  15N  and  *H  chemical  shifts  were  referenced  to  0 
ppm  for  liquid  ammonia  and  tetramethylsilane,  respectively.  The  NMR 
data  were  processed  using  NMR  Pipe  and  rendered  in  NMR  Draw  (33) 
on  a  Dell  Precision  330  MT  Linux  work  station  (Round  Rock,  TX). 

Solid-state  NMR — The  lipids,  l,2-dioleoyl-sn-glycero-3-phosphocho- 
line  (DOPC)  and  l,2-dioleoyl-sn-glycero-3-[phospho-rac-(l-glycerol)] 
(DOPG)  were  from  Avanti  (Alabaster,  AL).  Samples  of  tBid  in  lipid 
bilayers  were  prepared  by  mixing  5  mg  of  lsN-labeled  tBid  in  water  with 
100  mg  of  lipids  (DOPC/DOPG,  6:4  molar  ratio)  that  had  been  sonicated 
in  water  to  form  unilamellar  vesicles.  The  protein  and  lipid  vesicle 
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Fig.  1.  Amino  acid  sequence  of  human  Bid  (accession  number  P56957).  The  eight  helices  (H1-H8)  are  those  determined  in  the  solution 
NMR  structure  of  full-length  human  Bid  (Protein  Data  Bank  number  2BID)  (17).  The  central  core  helices  are  H6  and  H7.  The  BH3  domain  in  H3 
and  the  putative  lipid  binding  motif  before  H6  are  in  boldface  type  and  underlined.  The  arrow  marks  the  caspase-8  cleavage  site  at  Asp60,  and  the 
sequences  of  both  wild-type  and  recombinant  tBid  start  at  Gly61.  The  asterisks  mark  the  four  Met  residues  that  were  mutated  to  Leu  in 
recombinant  tBid. 


surface  of  15  glass  slides  (11  X  11  X  0.06  mm;  Marienfeld,  Germany). 
After  allowing  excess  water  to  evaporate  at  40  °C,  the  slides  were 
stacked  and  equilibrated  for  12  h  at  40  °C  and  93%  relative  humidity, 
in  order  to  form  oriented  lipid  bilayers.  Th6  samples  were  wrapped  in 
parafilm  and  then  sealed  in  thin  polyethylene  film  prior  to  insertion 
in  the  NMR  probe.  Hydrogen-exchanged  samples  were  prepared  by 
exposing  the  stacked  oriented  bilayer  samples  to  an  atmosphere 
saturated  with  D20. 

Solid-state  NMR  experiments  were  performed  on  a  Bruker  AVANCE 
500  spectrometer  (Billerica,  MA)  with  a  500/89  AS  Magnex  magnet 
(Yamton,  UK).  The  home-built  'H/16N  double  resonance  probe  had  a 
square  radiofrequency  coil  (11  x  11  X  3  mm)  wrapped  directly  around 
the  samples.  The  one-dimensional  16N  chemical  shift  spectra  were 
obtained  with  single  contact  cross-polarization  with  mismatch-opti¬ 
mized  IS  polarization  transfer  (34,  35).  The  two-dimensional  spectra 
that  correlate  16N  chemical  shift  with  1H-1BN  dipolar  coupling  were 
obtained  with  PISEMA  (36).  The  spectra  were  obtained  with  a  cross- 
polarization  contact  time  of  1  ms,  a  ‘H  90°  pulse  width  of  5  ps,  and 
continuous  ‘H  decoupling  of  63-kHz  radio  frequency  field  strength.  The 
two-dimensional  data  were  acquired  with  512  accumulated  transients 
and  256  complex  data  points,  for  each  of  64  real  tl  values  incremented 
by  32.7  ps.  The  recycle  delay  was  6  s.  The  15N  chemical  shifts  were 
referenced  to  0  ppm  for  liquid  ammonia.  The  data  were  processed  using 
NMR  Pipe  and  rendered  in  NMR  Draw  (33)  on  a  Dell  Precision  330  MT 
Linux  work  station  (Round  Rock,  TX). 

Calculation  of  Solid-state  NMR  Spectra — Two-dimensional  'H/l6N 
PISEMA  spectra  were  calculated  on  a  Linux  Dell  computer  as  described 
previously  (37).  The  1BN  chemical  shift  and  1H-1BN  dipolar  coupling 
frequencies  were  calculated  for  various  orientations  of  an  18-residue 
a-helix,  with  3.6  residues  per  turn  and  uniform  backbone  dihedral 
angles  for  all  residues  (<j>  =  -57°;  t (/  =  -47°).  The  principal  values  and 
molecular  orientation  of  the  1BN  chemical  shift  tensor  (<x11  =  64  ppm; 
<j22  =  77  ppm;  cr33  =  217  ppm;  angle  (<rnNH)  =  17°)  and  the  NH  bond 
distance  (1.07  A)  provided  the  input  for  the  spectrum  calculation  at 
each  helix  orientation. 

RESULTS 

Protein  Expression  and  Biological  Activity — Full-length  Bid 
can  be  expressed  at  high  levels,  in  E.  coli,  as  a  soluble  protein, 
but  tBid  overexpression  is  toxic  for  bacterial  cells.  To  produce 
milligram  quantities  of  16N-labeled  tBid  for  NMR  studies,  we 
used  the  pMMHa  fusion  protein  vector  that  directs  high  level 
protein  expression  as  inclusion  bodies,  and  we  transformed  the 
plasmid  in  E.  coli  C41(DE3)  cells,  selected  for  the  expression  of 
insoluble  and  toxic  proteins  (27).  tBid  was  separated  from  the 
fusion  partner  by  means  of  CNBr  cleavage  at  the  engineered 
N-terminal  Met  residue  (26).  This  method  yields  —10  mg  of 
purified  18N-labeled  tBid  from  1  liter  of  culture.  To  avoid  cleav¬ 
age  within  the  tBid  segment,  the  four  Met  residues  in  the  tBid 
amino  acid  sequence  were  mutated  to  Leu  (Fig.  1,  asterisks), 
and  therefore,  it  was  important  to  demonstrate  that  the  recom¬ 
binant  protein  retained  its  biological  activity. 

We  tested  the  ability  of  recombinant  tBid  to  induce  the 
release  of  mitochondrial  proteins  by  incubating  it  with  mito¬ 
chondria  isolated  from  HeLa  cells,  assaying  the  supernatant 
and  pelleted  fractions  with  antibodies  to  cytochrome  c  and 
SMAC.  Fig.  2A  demonstrates  that,  in  both  cases,  tBid  is  fully 
active,  in  a  dose-dependent  manner  and  at  levels  similar  to 
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Fig.  2.  Recombinant  tBid  induces  the  release  of  cytochrome-c 
and  SMAC  from  isolated  mitochondria  and  binds  to  Bcl-X,  in 

vitro.  A,  isolated  HeLa  mitochondria  (10  pi,  1  mg/ml)  were  incubated 
with  increasing  amounts  (0-133  nu  in  50  pi)  of  tBid.  The  supernatant 
(S)  and  pellet  (P)  fractions  were  separated  by  centrifugation,  resolved 
on  SDS-PAGE,  and  analyzed  by  Western  blotting  with  either  cyto¬ 
chrome  c  (top)  or  SMAC  (bottom)  antibody.  In  B,  Ni2+-NTA  resin  (10  pi) 
was  incubated  first  with  Hi8-Bcl-X,  (AC)  (15  pg)  and  then  with  tBid  (15 
pg).  The  Ni2*-NTA-bound  protein  was  eluted  with  500  mM  imidazole, 
and  the  samples  were  resolved  by  SDS-PAGE  and  stained  with  Coo- 
massie  Blue  ( lane  5).  In  the  control  experiment,  tBid  was  directly 
incubated  with  the  resin  without  preincubation  with  Bcl-XJAC)  (lane 
4).  Individual  Bc]-XL(AC)  monomers  (24  kDa)  are  resolved  in  lane  2,  and 
individual  tBid  monomers  (15  kDa)  are  resolved  in  lane  3.  Molecular 
weight  markers  are  shown  in  lane  1. 

tested  the  ability  of  recombinant  tBid  to  bind  Bcl-XL,  since  this 
interaction  requires  the  BH3  domain,  and  recombinant  tBid 
contains  the  mutation  M97L  in  this  segment.  When  recombi¬ 
nant  tBid,  which  does  not  have  a  His  tag,  was  incubated  with 
Ni2+-NTA  without  Bcl-XL,  it  did  not  bind  the  resin,  as  evi¬ 
denced  by  the  absence  of  tBid  in  the  imidazole  elution  (Fig.  2 B, 
lane  4).  However,  when  tBid  was  incubated  with  Ni2+-NTA 
that  had  been  previously  incubated  with  His-tagged  Bcl-XL,  it 
also  bound  to  the  resin  and  eluted  with  Bcl-XL  in  imidazole 
(Fig.  2 B,  lane  5). 

Thus,  we  conclude  that  recombinant  tBid,  isolated  from  in¬ 
clusion  bodies,  is  fully  active  in  its  ability  to  induce  cytochrome 
c  and  SMAC  release  from  isolated  mitochondria  and  that  its 
capacity  to  bind  antiapoptotic  Bcl-XL  through  its  BH3  domain 
is  not  disrupted  by  the  M97L  mutation.  The  pMMHa  vector 
may  be  generally  useful  for  the  high  level  expression  of  other 
proapoptotic  proteins  that  are  difficult  to  express  because  of 
their  cytotoxic  properties.  The  use  of  chemical  cleavage  elimi¬ 
nates  the  difficulties,  poor  specificity,  and  enzyme  inactivation, 
often  encountered  with  protease  treatment  of  insoluble  pro¬ 
teins,  and  in  cases  where  Met  mutation  is  not  feasible,  protein 
cleavage  from  the  fusion  partner  can  be  obtained  enzymatically 
by  engineering  specific  protease  cleavage  sites  for  the  com¬ 
monly  used  enzymes  thrombin,  Fxa,  enterokinase,  and  tobacco 
etch  virus  protease.  Thrombin  and  tobacco  etch  virus  retain 
activity  in  the  presence  of  detergents,  including  low  milhmolar 
concentrations  of  SDS. 
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Fig.  3.  tBid  adopts  a  helical  fold  in  lipid  micelles.  The  CD  spectra  in  A  were  obtained  at  25  °C  for  tBid  in  aqueous  solution  ( solid  line),  SDS 
micelles  (broken  line),  or  LPPG  micelles  (dotted  line).  The  1H/1BN  HSQC  NMR  spectra  in  B-D  were  obtained  at  40  °C  for  uniformly  15N-labeled  tBid, 
in  aqueous  solution  (B ),  SDS  micelles  (C),  or  LPPG  micelles  ( D ).  Aqueous  samples  were  in  20  mM  sodium  phosphate,  pH  5;  SDS  micelle  samples 
were  in  20  mM  sodium  phosphate,  pH  7,  500  mM  SDS;  and  LPPG  micelle  samples  were  in  20  mM  sodium  phosphate,  pH  7,  100  mM  LPPG. 


results  in  a  C-terminal  product,  tBid,  which  targets  mitochon¬ 
dria  and  induces  apoptosis  with  strikingly  enhanced  activity 
(5-7).  To  characterize  the  conformation  of  tBid  in  lipid  envi¬ 
ronments,  we  obtained  its  CD  and  solution  NMR  1H/15N  HSQC 
spectra  in  the  absence  or  in  the  presence  of  lipid  micelles  (Fig. 
3).  The  HSQC  spectra  of  proteins  are  the  starting  point  for 
additional  multidimensional  NMR  experiments  that  lead  to 
structure  determination.  In  these  spectra,  each  15N-labeled 
protein  site  gives  rise  to  a  single  peak,  characterized  by  XH  and 
15N  chemical  shift  frequencies  that  reflect  the  local  environ¬ 
ment.  In  addition,  the  peak  line  widths  and  line  shapes  and 
their  dispersion  in  the  XH  and  15N  frequency  dimensions  reflect 
protein  conformation  and  aggregation  state. 

In  the  absence  of  lipids,  the  CD  spectrum  of  tBid  displays 
minima  at  202  and  222  nm,  characteristic  of  predominantly 
helical  proteins  (Fig.  3A,  solid  line).  The  helical  content  esti¬ 
mated  from  the  CD  spectrum  is  —65%,  which  is  similar  to  the 
67%  helical  content  determined  from  the  three-dimensional 
structure  of  Bid  (17)  for  the  135  C-terminal  amino  acids  that 
correspond  to  tBid.  However,  whereas  tBid  retains  its  helical 
conformation  even  when  it  is  separated  from  the  60-residue 
N-terminal  fragment,  many  of  the  resonances  in  its  1H/15N 
HSQC  spectrum  cannot  be  detected  (Fig.  3 B),  suggesting  that 
the  protein  aggregates  in  solution,  adopts  multiple  conforma¬ 
tions,  or  undergoes  dynamic  conformational  exchange  on  the 
NMR  time  scale.  tBid  has  very  limited  solubility  at  pH  values 
greater  than  5,  and  the  addition  of  KC1  up  to  200  mM  did  not 
improve  the  appearance  of  the  HSQC  spectrum,  whereas  KC1 
concentrations  above  200  mM  yielded  a  gel.  This  behavior  is 
consistent  with  the  dramatic  changes  in  the  physical  properties 
of  the  protein  that  accompany  caspase-8  cleavage.  Bid  has  a 
theoretical  pi  of  5.3  and  a  net  charge  of  -7,  but  caspase-8 
cleavage  and  removal  of  the  60  N-terminal  amino  acids  shift 
these  parameters  to  the  opposite  end  of  their  spectrum,  and 
tBid  has  a  pi  of  9.3  and  a  net  charge  of  +2.  In  addition,  the 
removed  of  helix-1  and  helix-2  following  ceispase-8  cleavage 
exposes  hydrophobic  residues  in  the  BH3  domain  in  helix-3  amd 
in  the  central  core  helices,  helix-6  and  helix-7  (17,  18,  23). 

When  tBid  associates  with  lipid  micelles,  its  HSQC  spectrum 
changes  dramatically,  and  single,  well  defined  1H/1SN  reso- 
nemces  are  observed  for  each  l5N-labeled  NH  site  in  the  pro¬ 
tein,  indicating  that  tBid  adopts  a  unique  conformation  in  this 
environment  (Fig.  3,  C  and  D).  Micelles  provide  suitable  mem¬ 
brane  mimetic  seunples  for  solution  NMR  studies  of  membreme 


their  small  size  eiffords  rapid  and  effectively  isotropic  reorien¬ 
tation  of  the  protein  and  because  their  amphipathic  nature 
simulates  that  of  membranes.  The  principle  goal  of  micelle 
sample  preparation  is  to  reduce  the  effective  rotational  corre¬ 
lation  time  of  the  protein  so  that  resonances  will  have  the 
narrowest  achievable  line  widths  while  providing  an  environ¬ 
ment  that  maintains  the  protein  fold. 

Several  lipids  are  available  for  protein  solubilization,  and  we 
tested  both  SDS  (Fig.  3C)  and  LPPG  (Fig.  3D)  for  their  ability 
to  yield  high  quality  HSQC  spectra  of  tBid  for  structure  deter¬ 
mination.  Both  gave  excellent  spectra  where  most  of  the  130 
tBid  amide  resonances  could  be  resolved.  Both  SDS  and  LPPG 
are  negatively  charged,  but  they  differ  substantially  in  the 
lengths  of  their  hydrocarbon  chains  (C12  for  SDS;  C16  for 
LPPG)  and  their  polar  headgroups  (sulfate  for  SDS;  phosphati- 
dylglycerol  for  LPPG);  thus,  the  differences  in  lH  and  16N 
chemical  shifts  between  the  two  HSQC  spectra  most  likely 
reflect  the  different  lipid  environments.  The  spectrum  in  LPPG 
has  exceptionally  well  dispersed  resonances  with  homogeneous 
intensities  and  line  widths.  LPPG  was  recently  identified  as  a 
superior  lipid  for  NMR  studies  of  several  membrane  proteins 
(39)  and  is  particularly  interesting  for  this  study  because  it  is  a 
close  analog  of  cardiolipin  and  monolysocardiolipin,  the  major 
components  of  mitochondrial  membranes  that  bind  tBid  (14). 

In  both  the  SDS  and  LPPG  spectra,  the  limited  chemical 
shift  dispersion  is  typical  of  helical  proteins  in  micelles,  and 
this  is  confirmed  by  the  corresponding  CD  spectra,  which  are 
dominated  by  minima  at  202  and  222  nm,  and  thus  show  that 
tBid  retains  a  predominantly  helical  fold  in  both  types  of  mi¬ 
celles  (Fig.  3A,  broken  and  dotted  lines).  We  estimated  the 
helical  content  of  tBid  in  lipid  micelles  to  be  —65%,  similar  to 
that  of  tBid  in  the  absence  of  lipids  and  to  the  value  determined 
for  the  135-residue  C-terminal  segment  in  the  three-dimen¬ 
sional  solution  structure  of  Bid  (17). 

tBid  in  Lipid  Bilayers — By  analogy  to  the  structurally  ho¬ 
mologous  colicin  and  diphtheria  bacterial  toxins,  the  mecha¬ 
nism  of  pore  formation  by  tBid  has  been  thought  to  involve 
insertion  through  the  membrane  of  the  two  central  core  helices, 
helix-6  and  helix-7  (23,  25).  To  examine  the  conformation  of 
tBid  associated  with  membranes,  we  obtained  one-dimensional 
15N  chemical  shift  and  two-dimensional  1H/15N  PISEMA  solid- 
state  NMR  spectra  of  15N-labeled  tBid  reconstituted  in  lipid 
bilayers  (Fig.  4).  In  these  samples,  the  lipid  composition  of  60% 
DOPC  and  40%  DOPG  was  chosen  to  mimic  the  highly  negative 
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Fig.  4.  Solid-state  NMR  spectra  of  tBid  in  lipid  bilayers  show 
that  tBid  binds  membranes  with  a  unique  fold  and  parallel 
orientation.  A,  one-dimensional  l6N  chemical  shift  spectrum  of  uni¬ 
formly  15N-labeled  tBid  in  unoriented  lipid  bilayer  vesicles  ( solid  line) 
and  powder  pattern  calculated  for  a  rigid  16N  amide  site  ( dotted  line).  B, 
one-dimensional  16N  spectrum  of  selectively  15N-Lys-labeled  tBid  in 
oriented  lipid  bilayers.  C,  one-dimensional  15N  spectrum  of  uniformly 
16N-labeled  tBid  in  oriented  lipid  bilayers.  D,  two-dimensional  *H/16N 
PISEMA  spectrum  of  tBid  in  oriented  lipid  bilayers. 

identical  to  that  of  the  liposomes  used  for  the  measurement  of 
the  ion  channel  activities  of  Bid  and  tBid  (23),  and  since  the 
oriented  lipid  bilayers  used  in  this  study  were  obtained  from 
liposomes  prepared  in  the  same  way  as  for  the  channel  studies, 
the  NMR  spectra  obtained  in  this  work  represent  the  channel- 
active  conformation  of  tBid. 

When  the  lipid  bilayers  are  oriented  with  their  surface  per¬ 
pendicular  to  the  magnetic  field,  the  solid-state  NMR  spectra  of 
the  membrane-associated  proteins  trace  out  maps  of  their 
structure  and  orientation  within  the  membrane  and  thus  pro¬ 
vide  very  useful  structural  information  prior  to  complete  struc¬ 
ture  determination.  For  example,  helices  give  characteristic 
solid-state  NMR  spectra  where  the  resonances  from  amide 
sites  in  the  protein  trace-out  helical  wheels  that  contain  infor- 


40,  41).  Typically,  trans-membrane  helices  have  PISEMA  spec¬ 
tra  with  15N  chemical  shifts  between  150  and  200  ppm,  and 
1H-15N  dipolar  couplings  between  2  and  10  kHz,  whereas  hel¬ 
ices  that  bind  parallel  to  the  membrane  surface  have  spectra 
with  shifts  between  70  and  100  ppm  and  couplings  between  0 
and  5  kHz.  We  refer  to  these  as  the  trans-membrane  and 
in-plane  regions  of  the  PISEMA  spectrum,  respectively. 

The  18N  chemical  shift  spectrum  of  tBid  in  unoriented  lipid 
bilayer  vesicles  is  a  powder  pattern  (Fig.  4A,  solid  line )  that 
spans  the  full  range  (60-220  ppm)  of  the  amide  15N  chemical 
shift  interaction  (Fig.  4A,  dotted  line).  The  absence  of  addi¬ 
tional  intensity  at  the  isotropic  resonance  frequencies  (100- 
130  ppm)  demonstrates  that  the  majority  of  amino  acid  sites 
are  immobile  on  the  time  scale  of  the  15N  chemical  shift  inter¬ 
action,  although  it  is  possible  that  some  mobile  unstructured 
residues  cannot  be  observed  by  cross-polarization.  The  peak  at 
35  ppm  is  from  the  amino  groups  at  the  N  terminus  and  side 
chains  of  the  protein. 

The  spectrum  of  tBid  in  planar  oriented  lipid  bilayers  is  very 
different  (Fig.  4 C).  The  amide  resonances  are  centered  at  a 
frequency  associated  with  NH  bonds  in  helices  parallel  to  the 
membrane  surface  (80  ppm),  whereas  no  intensity  is  observed 
at  frequencies  associated  with  NH  bonds  in  trans-membrane 
helices  (200  ppm).  The  resonances  near  120  ppm  are  unlikely  to 
result  from  mobile  sites,  since  little  or  no  isotropic  intensity  is 
observed  in  the  spectrum  from  unoriented  bilayers;  instead, 
they  probably  reflect  specific  orientations  of  their  correspond¬ 
ing  sites  near  the  magic  angle,  which  corresponds  to  35.3°  from 
the  membrane  surface.  The  NMR  data  show  no  evidence  of 
conformational  exchange  on  the  millisecond  to  second  time 
scale  of  the  channel  opening  and  closing  events,  excluding  the 
possibility  of  transient  insertion  of  tBid  in  the  membrane. 
Therefore,  we  conclude  that  tBid  binds  strongly  to  the  mem¬ 
brane  surface,  adopting  a  unique  conformation  and  orientation 
in  the  presence  of  phospholipids. 

Amide  hydrogen  exchange  rates  are  useful  for  identifying 
residues  that  are  involved  in  hydrogen  bonding  and  that  are 
exposed  to  water.  The  amide  hydrogens  in  trans-membrane 
helices  can  have  very  slow  exchange  rates  due  to  their  strong 
hydrogen  bonds  in  the  low  dielectric  of  the  lipid  bilayer  envi¬ 
ronment,  and  their  16N  chemical  shift  NMR  signals  persist  for 
days  after  exposure  to  DzO  (42).  On  the  other  hand,  trans¬ 
membrane  helices  that  are  in  contact  with  water  because  they 
participate  in  channel  pore  formation  and  other  water-exposed 
helical  regions  of  proteins  have  faster  exchange  rates,  and  their 
NMR  signals  disappear  on  the  order  of  hours  (43).  To  examine 
the  amide  hydrogen  exchange  rates  for  membrane-bound  tBid, 
we  obtained  solid-state  NMR  spectra  after  exposing  the  ori¬ 
ented  lipid  bilayer  sample  to  DzO  for  2, 5,  and  7  h.  The  majority 
of  resonances  in  the  1SN  chemical  shift  spectrum  of  tBid  disap¬ 
peared  within  7  h,  indicating  that  the  amide  hydrogens  ex¬ 
change  and,  hence,  are  in  contact  with  the  lipid  bilayer  inter¬ 
stitial  water. 

The  tBid  amino  acid  sequence  has  four  Lys  residues  (Lys144, 
Lys146,  Lys157,  and  Lys168),  all  located  in  or  near  helix-6,  one  of 
the  two  helices  thought  to  insert  in  the  membrane  and  form  the 
tBid  ion-conducting  pore.  The  spectrum  of  15N-Lys-labeled  tBid 
in  bilayers  is  notable  because  its  amide  resonances  all  have 
chemical  shifts  near  80  ppm,  in  the  in-plane  region  of  the 
spectrum,  and  this  cannot  be  reconciled  with  membrane  inser¬ 
tion  (Fig.  4B).  Since  tBid  maintains  a  helical  fold  in  lipid 
micelles  and  it  is  reasonable  to  assume  that  the  helix  bound¬ 
aries  are  not  appreciably  changed  from  those  of  full-length  Bid, 
the  solid-state  NMR  data  demonstrate  that  helix-6  does  not 
insert  through  the  membrane  but  associates  parallel  to  its 
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Fig.  5.  Two-dimensional  solid-state  NMR  1H/1SN  PISEMA  spectrum  of  uniformly  1BN-labeleld  tBid  in  oriented  lipid  bilayers.  The 

experimental  spectrum  (A)  is  compared  with  the  theoretical  spectra  (B-F)  calculated  for  an  18-residue  a-helix,  with  uniform  backbone  dihedral 
angles  (<t>  =  -57°;  ip  =  -47°)  and  different  helix  tilts  (0-60°)  relative  to  the  membrane  surface,  as  depicted  in  the  schematic  diagrams  above  the 
spectra.  The  0°  orientation  is  for  a  helix  parallel  to  the  membrane  surface. 


These  findings  are  confirmed  and  refined  with  the  two-di¬ 
mensional  1H/1SN  PISEMA  spectrum  of  tBid  in  bilayers  (Fig. 
AD).  Each  amide  site  in  the  protein  contributes  one  correlation 
peak,  characterized  by  1H-15N  dipolar  coupling  and  15N  chem¬ 
ical  shift  frequencies  that  reflect  NH  bond  orientation  relative 
to  the  membrane.  For  tBid,  the  circular  wheel-like  pattern  of 
resonances  in  the  spectral  region  bounded  by  0-5  kHz  and 
70-90  ppm  provides  definitive  evidence  that  tBid  associates 
with  the  membrane  as  surface-bound  helices  without  trans¬ 
membrane  insertion.  The  substantial  peak  overlap  reflects  a 
similar  orientation  of  the  tBid  helices  parallel  to  the  mem¬ 
brane,  and  spectral  resolution  in  this  region  requires  three- 
dimensional  correlation  spectroscopy  and  selective  isotopic 
labeling  (45). 

Since  the  NMR  frequencies  directly  reflect  the  angles  be¬ 
tween  individual  bonds  and  the  direction  of  the  applied  mag¬ 
netic  field,  it  is  possible  to  calculate  solid-state  NMR  spectra  for 
specific  models  of  proteins  in  oriented  samples.  For  example, 
the  spectra  of  helices  have  wheel-like  patterns  of  resonances, 
called  Pisa  Wheels,  that  mirror  helix  tilt  and  rotation  in  the 
membrane  (37,  40,  41),  and  a  comparison  of  calculated  and 
experimental  spectra  provides  very  useful  structural  informa¬ 
tion  prior  to  complete  structure  determination.  The  spectra 
calculated  for  several  orientations  of  an  ideal  18-residue  helix, 
with  3.6  residues  per  turn  and  identical  backbone  dihedral 
angles  for  all  residues  (</>,  t p  =  -57°,  —47°),  are  shown  in  Fig.  5 
(B-F)  and  are  compared  with  the  experimental  PISEMA  spec¬ 
trum  obtained  for  tBid  in  oriented  bilayers,  in  Fig.  5A.  In  each 
spectrum,  the  characteristic  Pisa  Wheel  pattern  reflects  helix 
tilt,  but  only  the  spectra  calculated  for  membrane  surface  hel¬ 
ices,  with  tilts  from  0  to  15°,  have  intensity  in  the  region  of  the 
experimental  spectrum  of  tBid  ( inset  box),  whereas  trans-mem¬ 
brane  helices  with  tilts  ranging  from  45  to  90°  from  the  mem¬ 
brane  surface,  have  Pisa  Wheels  in  a  completely  unpopulated 
region  of  the  experimental  spectrum.  Based  on  this  compara¬ 
tive  analysis,  we  estimate  that  the  helices  of  tBid  are  nearly 
parallel  to  the  lipid  bilayer  plane  (0°  orientation),  with  tilts  of 
no  more  than  20°  from  the  membrane  surface. 

DISCUSSION 

The  results  of  this  study  demonstrate  that  tBid  adopts  a 
unique  helical  fold  in  lipid  environments  and  that  it  binds  the 
membrane  without  insertion  of  its  helices.  Solid-state  NMR 
studies  of  the  antiapoptotic  Bcl-2  family  member,  Bcl-XL,  also 
indicate  that  membrane  insertion  of  the  Bcl-XL  helices  is  lim- 


extended  helical  conformation  in  lipid  micelles  (46).  Both  tBid 
and  Bcl-XL  form  ion-conductive  pores  that  are  thought  to  play 
a  role  in  apoptosis  through  their  regulation  of  mitochondrial 
physiology  (23,  25),  and  since  the  samples  in  both  the  solid- 
state  NMR  and  ion  channel  activity  studies  of  tBid  were  iden¬ 
tical  in  their  lipid  composition  and  the  manner  of  sample  prep¬ 
aration  (23),  the  membrane  surface  association  of  tBid, 
observed  by  solid-state  NMR  in  this  study,  is  very  likely  to 
represent  the  channel-active  conformation  of  the  protein. 

Pore  formation  by  the  Bcl-2  family  proteins  has  been  thought 
to  involve  translocation  of  the  central  core  helices  through  the 
membrane,  and  the  helices  of  both  Bid  and  Bcl-XL  are  suffi¬ 
ciently  long  to  span  the  lipid  bilayer.  However,  their  am- 
phipathic  character  is  also  compatible  with  membrane  surface 
association,  in  a  manner  that  is  reminiscent  of  the  antimicro¬ 
bial  polypeptides,  where  binding  of  the  polypeptide  helices  to 
the  bacterial  membrane  surface  is  thought  to  transiently  de¬ 
stabilize  the  membrane  and  change  its  morphology,  inducing 
leakage  of  the  cell  contents,  disruption  of  the  electrical  poten¬ 
tial,  and  ultimately  cell  death  (45,  47).  It  is  notable  that  bac¬ 
terial  and  mitochondrial  membranes  have  very  similar  struc¬ 
tures  and  surface  charge  and  that  tBid  is  both  capable  of 
altering  bilayer  curvature  (12)  and  of  remodeling  the  mitochon¬ 
drial  membrane  (13),  which  would  be  sufficient  to  cause  the 
release  of  mitochondrial  cytotoxic  molecules.  The  membrane 
surface  association  of  tBid  may  also  serve  to  display  the  BH3 
domain  on  the  mitochondrial  membrane  surface,  making  it 
accessible  for  binding  by  other  Bcl-2  family  members. 

Although  tBid  does  not  insert  in  DOPC/DOPG  lipid  bilayers, 
we  cannot  exclude  the  possibility  that  trans-membrane  inser¬ 
tion  may  be  driven  by  the  presence  of  natural  mitochondrial 
lipids,  such  as  cardiolipin  and  monolysocardiolipin.  These  lip¬ 
ids  both  bind  tBid  (14)  and  are  concentrated  at  mitochondrial 
outer-inner  membrane  contact  sites  where  tBid  localizes;  how¬ 
ever,  a  recent  EPR  study  using  these  lipids  also  found  no 
evidence  of  tBid  helix  insertion  through  the  membrane  (44).  It 
is  also  possible  that  trans-membrane  insertion  of  tBid  requires 
post-translational  N-terminal  myristoylation,  since  this  has 
been  shown  to  enhance  Bid-induced  cytochrome  c  release  and 
apoptosis  (48),  and  that  the  interactions  with  other  Bcl-2  family 
proteins  such  as  Bak  and  Bax  or  with  other  nonhomologous 
proteins  such  as  the  mitochondrial  voltage  dependent  anion 
channel  may  promote  insertion  of  the  tBid  helices  through  the 
mitochondrial  membrane. 
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1H/15N  HSQC  spectrum  of  Bid  after  the  addition  of  caspase-8, 
testing  the  hypothesis  that  Bid  activation  is  accompanied  by  a 
conformational  change.  They  found  that  the  structure  of  Bid  is 
not  changed  by  caspase-8  cleavage,  since  tBid  remains  associ¬ 
ated  with  the  N-terminal  fragment,  but  proposed  that  dissoci¬ 
ation  occurs  at  lower  physiological  concentrations,  through  a 
conformational  on-off  equilibrium.  In  light  of  the  lipid  affinity 
of  Bid  and  the  data  in  Fig.  3  demonstrating  that  tBid  is  well- 
folded  in  lipid  micelles  independently  of  the  N  terminus,  it  is 
possible  that  lipids  act  as  a  third  partner  during  caspase-8 
cleavage  of  Bid.  Thus,  whereas  in  the  absence  of  lipids  the  two 
cleavage  fragments  remain  associated,  the  presence  of  lipids 
may  enable  dissociation  by  providing  an  environment  where 
tBid  can  fold  independently. 

In  this  regard,  it  is  interesting  to  note  that  the  Bid  amino 
acid  sequence  (141PRDMEKE147)  at  "the  beginning  of  helix-6  is 
similar  to  the  conserved  sequence  (9SPDVEKE100)  that  forms  a 
short  lipid  recognition  helix  in  the  lipoprotein  apolipophorin- 
III.  In  Bid,  this  sequence  forms  a  short  loop  that  is  solvent- 
exposed  and  perpendicular  to  the  axis  of  helix-6,  whereas  in 
apolipophorin-III  it  forms  a  short  helix  at  one  solvent-exposed 
end  of  the  molecule  that  is  perpendicular  to  the  helix  bundle 
(49).  This  short  motif  is  conserved  in  the  Bid  sequences  from 
various  species,  suggesting  that  it  plays  a  role  in  the  protein 
biological  function,  and  given  the  documented  lipid-binding 
activity  of  Bid  (14),  it  may  constitute  a  lipid  recognition  domain 
for  Bid  similar  to  that  of  apolipophorin-III.  Thus,  it  is  possible 
that  the  structure  of  tBid,  destabilized  by  dissociation  from  the 
N-terminal  fragment  after  caspase-8  cleavage,  undergoes  a 
conformational  change  whereby  it  opens  about  the  flexible 
loops  that  connect  its  helical  segments  to  an  extended  helical 
conformation,  which  binds  to  the  membrane  surface.  This 
would  be  similar  to  the  mechanism  proposed  for  apolipophorin- 
III,  which  adopts  a  marginally  stable  helix  bundle  topology  that 
allows  for  concerted  opening  of  the  bundle  about  hinged 
loops  (49). 
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Abstract 

An  Escherichia  coli  plasmid  vector  for  the  high-level  expression  of  hydrophobic  membrane  proteins  is 
described.  The  plasmid,  pBCL,  directs  the  expression  of  a  target  polypeptide  fused  to  the  C  terminus  of  a 
mutant  form  of  the  anti-apoptotic  Bcl-2  family  protein,  Bcl-XL,  where  the  hydrophobic  C  terminus  has  been 
deleted,  and  Met  residues  have  been  mutated  to  Leu  to  facilitate  CNBr  cleavage  after  a  single  Met  inserted 
at  the  beginning  of  the  target  sequence.  Fusion  protein  expression  is  in  inclusion  bodies,  simplifying  the 
protein  purification  steps.  Here  we  report  the  high-level  production  of  PLM,  a  membrane  protein  that  is  a 
member  of  the  FXYD  family  of  tissue-specific  and  physiological-state-specific  auxiliary  subunits  of  the 
Na,K-ATPase,  expressed  abundantly  in  heart  and  skeletal  muscle.  We  demonstrate  that  milligram  quantities 
of  pure,  isotopically  labeled  protein  can  be  obtained  easily  and  in  little  time  with  this  system. 

Keywords:  membrane  protein  expression;  FXYD;  PLM;  Mat-8;  CHIF;  Bcl-XL;  NMR;  lipid 


The  most  versatile  and  widely  used  method  for  obtaining 
recombinant  proteins  is  by  expression  in  Escherichia  coli. 
The  ability  to  express  proteins  in  bacteria  is  particularly 
useful  for  NMR  structure  determination,  because  it  allows 
milligram  quantities  of  isotopically  labeled  proteins  to  be 
obtained  relatively  economically,  and  a  variety  of  isotopic 


Reprint  requests  to:  Francesca  M.  Marassi,  The  Burnham  Institute, 
10901  North  Torrey  Pines  Road,  La  Jolla,  CA  92037,  USA;  e-mail: 
fmarassi@bumham.org;  fax:  (858)  713-6281. 

Abbreviations :  BCL,  Bcl-XL  mutant  lacking  the  hydrophobic  C  termi¬ 
nus  adapted  as  fusion  partner;  Bcl-2,  B-cell  leukemia/lymphoma  2;  Bcl- 
XL,  B-cell  leukemia/lymphoma  extra  long;  CHIF,  corticosteroid-hormone- 
induced  factor,  FXYD4;  CNBr,  cyanogen  bromide;  CPMOIST,  cross  po¬ 
larization  with  mismatch-optimized  IS  polarization  transfer;  DOPC,  1,2- 
dioleoyl-sn-glycero-3-phosphocholine;  DOPG,  l,2-dioleoyl-sn-gtycero-3- 
[phospho-rac-(l -glycerol)];  GdnHCl,  guanidinium  HC1;  HPLC,  high- 
performance  liquid  chromatography;  HSQC,  heteronuclear  single  quantum 
coherence;  HSQC-NOESY,  HSQC-nuclear  overhauser  effect  spectros¬ 
copy;  IPTG,  isopropyl  (3-D-thiogalactopyranoside;  KSI,  ketosteroid  isom- 
erase;  ER,  endoplasmic  reticulum;  MALDI-TOF,  matrix-assisted  laser  de¬ 
sorption  ionization-time  of  flight;  Mat-8,  mammary  tumor  protein  8  kDa, 
FXYD3;  NMR,  nuclear  magnetic  resonance;  PISEMA,  polarization  inver¬ 
sion  with  spin  exchange  at  the  magic  angle;  PLM,  phospholemman, 
FXYD1;  PAGE,  polyacrylamide  gel  electrophoresis;  pi,  isoelectric  point; 
SDS,  sodium  dodecyl  sulfate;  TLE,  a  portion  of  the  Trp  ALE  1413  poly¬ 
peptide. 

Aiticle  published  online  ahead  of  print.  Aiticle  and  publication  date  are  at 
http://www.proteinscience.org/cgi/doi/10. 1 1 10/ps.041244305. 


labeling  schemes  to  be  incorporated  in  the  NMR  experi¬ 
mental  strategy. 

Some  polypeptides,  however,  are  toxic  to  the  bacterial 
hosts  that  express  them.  For  example,  some  membrane  pro¬ 
teins  and  peptides,  including  some  of  bacterial  origin,  con¬ 
gest  the  cell  membranes  when  they  are  overexpressed,  and 
act  as  toxic,  antibacterial  agents,  regardless  of  their  actual 
biological  functions.  For  these  difficult  polypeptides,  solid- 
phase  synthesis  is  not  a  practical  alternative,  because  it  is 
typically  limited  to  sequences  shorter  than  50  amino  acids, 
and  while  this  size  limit  can  be  extended  through  the  use  of 
chemical  ligation  methods  (Dawson  et  al.  1994;  Kochendo- 
erfer  2001)  that  can  also  be  applied  to  membrane  proteins 
(Kochendoerfer  et  al.  1999, 2004),  NMR  studies  still  require 
bacterial  expression  of  the  polypeptide  precursors  for  the 
practical  introduction  of  various  isotopic  labels. 

Several  E.  coli  cell  strains  and  expression  strategies  have 
been  developed  to  address  this  problem  (Miroux  and 
Walker  1996;  Rogl  et  al.  1998;  Jones  et  al.  2000;  Majerle  et 
al.  2000;  Opella  et  al.  2001;  Sharon  et  al.  2002;  Bannwarth 
and  Schulz  2003;  Booth  2003;  Kiefer  2003;  Lindhout  et  al. 
2003;  Smith  and  Walker  2003;  Wiener  2004),  and  more 
recently,  cell-free  expression  has  been  used  to  obtain  mil¬ 
ligram  quantities  of  isotopically  labeled  membrane  proteins 
(Klammt  et  al.  2004).  Many  strategies  rely  on  the  use  of 


948 


Protein  Science  (2005),  14:948-955.  Published  by  Cold  Spring  Harbor  Laboratory  Press.  Copyright  ©  2005  The  Protein  Society 


Expression  of  membrane-associated  proteins 


fusion  protein  tags  to  improve  expression  and  facilitate  pu¬ 
rification,  and  many  involve  protein  expression  in  inclusion 
bodies,  to  keep  the  hydrophobic  polypeptide  away  from  the 
bacterial  membranes,  and  thus  increase  the  level  of  expres¬ 
sion.  The  formation  of  inclusion  bodies  also  limits  proteo¬ 
lytic  degradation  and  simplifies  protein  purification,  which 
can  be  further  assisted  by  the  incorporation  of  an  engineered 
His  tag  for  metal  affinity  chromatography. 

The  TLE  (a  portion  of  the  Trp  ALE  1413  polypeptide) 
(Miozzari  and  Yanofsky  1978;  Kleid  et  al.  1981;  Staley  and 
Kim  1994),  and  KSI  (Kuliopulos  et  al.  1994)  fusion  partners 
promote  the  accumulation  of  expressed  proteins  as  inclusion 
bodies,  and  have  been  used  to  express  several  membrane 
peptides  and  proteins  ranging  in  size  from  20  to  200  amino 
acids  (Opella  et  al.  2001;  Opella  and  Marassi  2004).  We 
have  found  TLE  to  be  useful  for  the  production  of  Mat- 8 
(mammary  tumor  protein  8  kDa,  or  FXYD3)  and  CHIF 
(corticosteroid-hormone-induced  factor,  or  FXYD4),  two 
67-residue  membrane  proteins  that  belong  to  the  FXYD 
family  of  tissue-specific  and  physiological-state-specific 
auxiliary  subunits  of  the  Na,K-ATPase,  with  yields  of  pu¬ 
rified  protein  that  range  between  3  and  4  mg/L  cell  culture 
in  M9  minimal  medium  (Crowell  et  al.  2003). 

The  FXYD  proteins  are  widely  expressed  in  mammalian 
tissues  that  specialize  in  fluid  and  solute  transport  or  that  are 
electrically  excitable  (Sweadner  and  Rael  2000;  Crambert 
and  Geering  2003),  and  we  are  using  NMR  spectroscopy  to 
determine  their  structures  in  lipid  micelles  and  bilayers  en¬ 
vironments.  They  are  characterized  by  the  short  amino  acid 
sequence  Phe-X-Tyr-Asp  (or  FXYD,  hence  the  name)  be¬ 
fore  their  single  trans-membrane  helix,  which  is  conserved 
in  all  examples,  and  where  X  is  usually  Tyr,  but  can  also  be 
Thr,  Glu,  or  His  (Sweadner  and  Rael  2000).  The  ability  to 
produce  milligram  quantities  of  pure  FXYD  proteins  also 
facilitates  functional  studies  that,  together  with  structure 
determination,  can  provide  important  structure-activity  cor¬ 
relations.  Since  Mat-8  and  CHIF  could  be  purified  in  suf¬ 
ficiently  high  quantities,  we  were  able  to  obtain  resonance 
assignments  for  their  solution  NMR  spectra  in  micelles,  as 
well  as  two-dimensional  solid-state  NMR  spectra  in  lipid 
bilayers  (Franzin  et  al.  2005).  However,  phospholemman 
(PLM,  or  FXYD1),  a  72-residue  FXYD  family  member  that 
is  the  major  substrate  of  hormone-stimulated  phosphoryla¬ 
tion  by  cAMP-dependent  protein  kinase  A  and  C  in  heart 
and  skeletal  muscle,  resists  high-level  expression  with  ei¬ 
ther  the  TLE  or  KSI  fusion  protein  system,  yielding 
amounts  of  purified  material  (0.5-1  mg/L  cell  culture)  that 
are  insufficient  for  NMR  structural  studies. 

In  the  course  of  our  separate  studies  with  the  apoptosis 
regulatory  proteins  of  the  Bcl-2  family  (named  after  B-cell 
leukemia/lymphoma  where  they  were  first  discovered),  we 
have  found  that  the  anti-apoptotic  protein  Bcl-XL  (B-cell 
leukemia/lymphoma  extra  long),  which  contains  a  hydro- 
phobic  C-terminal  sequence  of  -  20  amino  acids,  can  be 


overexpressed  in  E.  coli  and  purified  in  high-yields.  In  na¬ 
ture,  Bcl-XL  localizes  primarily  to  the  outer  mitochondrial 
and  ER  membranes,  presumably  through  its  hydrophobic  C 
terminus,  which  is  sufficiently  long  to  span  the  lipid  bilayer 
membrane  (Adams  and  Cory  1998;  Reed  1998),  and  while 
a  deletion  mutant  of  Bcl-XL,  lacking  the  C-terminal  se¬ 
quence,  can  be  expressed  in  bacteria  as  a  soluble  protein 
(Muchmore  et  al.  1996),  the  full-length  protein  accumulates 
as  insoluble  inclusion  bodies.  These  observations  prompted 
us  to  explore  the  usefulness  of  Bcl-XL  as  a  fusion  partner 
for  the  expression  of  hydrophobic  polypeptides  that,  similar 
to  PLM,  are  difficult  to  express  and  purify. 

To  test  this  possibility,  we  constructed  a  fusion  protein 
expression  plasmid  (pBCL)  where  the  hydrophobic  C  ter¬ 
minus  of  Bcl-XL  was  deleted  to  be  replaced  with  a  hydro- 
phobic  polypeptide  gene  of  interest  by  insertion  at  an  engi¬ 
neered  cloning  site.  The  plasmid  utilizes  a  T7  expression 
system  (Studier  et  al.  1990),  and  a  single  Met  residue,  in¬ 
serted  at  the  beginning  of  the  target  polypeptide  sequence, 
enables  its  release  from  Bcl-XL  by  CNBr  cleavage.  Here  we 
report  the  high-level  production  of  PLM  with  this  plasmid, 
and  we  demonstrate  that  milligram  quantities  of  pure,  iso- 
topically  labeled  protein  can  be  obtained  easily  and  in  little 
time. 


Results  and  Discussion 

The  pBCL  plasmid  vector  that  we  constructed  directs  the 
expression  of  a  target  polypeptide  fused  to  the  C  terminus  of 
BCL,  a  mutant  form  of  Bcl-XL  lacking  the  hydrophobic 
C-terminal  domain  of  the  wild-type  protein.  The  config¬ 
uration  of  pBCL  is  shown  in  Figure  1A,  and  the  amino 
acid  sequences  of  wild-type  Bcl-XL,  mature  PLM  and  the 
two  other  FXYD  proteins,  Mat-8  and  CHIF,  are  shown  in 
Figure  IB. 

We  prepared  and  tested  two  mutant  forms  of  Bcl-XL, 
BCL  173  and  BCL99,  as  fusion  tags  for  the  high-level  ex¬ 
pression  of  PLM  and  the  other  FXYD  proteins.  To  obtain 
BCL173,  the  173-residue  21.5-kDa  fusion  tag  (Fig.  IB, 
solid  underline),  we  deleted  the  C-terminal  domain  (resi¬ 
dues  213-233)  and  the  flexible  loop  (residues  44—84)  of 
Bcl-XL,  we  changed  the  two  remaining  Met  residues 
(Metl59  and  Metl70)  to  Leu,  and  we  introduced  an  Aflll/ 
Xhol  cloning  site  (Leu-Lys)  after  Arg212  at  the  C-terminal 
end  of  the  gene  to  facilitate  the  insertion  of  target  polypep¬ 
tide  sequences.  To  obtain  BCL99,  the  99-residue  12.9-kDa 
tag  (Fig.  IB,  dashed  underline),  we  further  deleted  residues 
1-116,  spanning  the  loop  as  well  as  helices  1-4  in  the 
structure  of  the  soluble  form  of  Bcl-XL  (Muchmore  et  al. 
1996).  Both  fusion  tags  have  an  N-terminal  (His)6  sequence 
to  allow  protein  purification  by  Ni-affinity  chromatography. 

Reaction  with  CNBr  cleaves  the  expressed  fusion  protein 
after  the  single  Met  residue  introduced  at  the  start  of  the 
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Figure  1.  (A)  Construction  of  the  pBCL173  and  pBCL99  fusion  protein  expression  plasmids.  The  target  sequence  with  N-terminal  Met 
is  inserted  between  the  AflH  and  Xhol  cloning  sites,  BCL  173  has  a  cleavable  Met  after  the  His  tag,  while  BCL99  does  not.  (B)  Amino 
acid  sequences  of  wild-type  Bcl-XL  and  of  the  FXYD  proteins,  PLM  (human),  Mat-8  (human),  and  CHIF  (rat),  that  were  inserted  in 
the  pBCL  plasmid  vectors.  Met  residues  that  were  changed  to  Leu  are  marked  with  asterisks.  Both  BCL  173  and  BCL99  lack  the  Bcl-XL 
hydrophobic  C  terminus  (highlighted  in  the  gray  box),  and  BCL173  (solid-underline)  also  lacks  the  flexible  loop  of  Bcl-XL  while 
BCL99  (dashed  underline)  lacks  the  first  1 16  residues.  The  trans-membrane  domains  of  PLM,  Mat-8,  and  CHIF  axe  highlighted  in  the 
gray  boxes. 


inserted  target  sequence,  releasing  the  protein  of  interest 
intact.  In  cases  where  the  target  protein  contains  Met  resi¬ 
dues  that  cannot  be  mutated,  separation  from  BCL  can  be 
obtained  by  introducing  amino  acid  sequences  specific  for 
cleavage  by  other  chemical  means,  such  as  hydroxylamine 
(Asn-Gly),  or  for  cleavage  by  one  of  the  commonly  used 
proteases:  thrombin,  factor  Xa,  enterokinase,  and  tobacco 
etch  virus  protease.  Chemical  cleavage  is  an  attractive  op¬ 
tion  because  it  eliminates  the  difficulties — poor  specificity 
and  enzyme  inactivation — often  encountered  with  protease 
treatment  of  hydrophobic  proteins  in  detergents. 

The  expression  of  PLM  using  pBCL173  and  pBCL99,  as 
well  as  the  two  other  commonly  used  plasmids,  pKSI  and 
pTLE,  is  compared  in  Figure  2A  by  SDS-PAGE.  For  this 
study,  each  of  the  four  plasmids  containing  the  PLM  gene 
insert  were  used  to  transform  E.  coli  C41(DE3)  cells,  a 
mutant  strain  selected  for  the  expression  of  insoluble  and 
toxic  proteins  (Miroux  and  Walker  1996),  and  the  positive 
clones  were  grown  to  a  cell  density  of  OD^  =  0.7  before 
induction  with  IPTG  for  4  h.  The  total  lysate  from  cells 
transformed  with  pBCL173-PLM,  before  induction  with 
IPTG,  is  shown  in  the  first  lane  of  the  gel,  while  IPTG 
induction  of  each  of  the  four  clones  is  shown  in  the  follow¬ 
ing  lanes.  In  all  four  cases,  fusion  protein  overexpression  is 
marked  by  the  appearance  of  a  distinct  band  at  the  cal¬ 
culated  molecular  weight  of  the  corresponding  fusion 
protein,  albeit  with  different  intensities  (Fig.  2A,  solid  ar¬ 
rows).  To  obtain  a  quantitative  estimate  of  protein  expres¬ 
sion,  we  compared  the  intensity  of  each  fusion  protein  band 
to  the  intensity  of  the  band  from  a  39-kDa  protein  that  is 
expressed  in  the  cells  without  IPTG  induction  (Fig.  2A, 
dashed  arrow).  In  Figure  2A,  the  intensity  of  each  band  is 


reported  as  %Ircl,  the  percentage  relative  to  the  intensity  of 
the  band  at  39  kDa. 

Induction  of  BCL173-PLM  and  BCL99-PLM  both  yield 
very  strong  bands  at  29.8  kDa  and  21.2  kDa,  as  expected 
from  their  calculated  molecular  weights.  Both  these  bands 
have  significantly  greater  intensity  than  those  observed  for 
the  expression  of  KSI-PLM  at  23.4  kDa  or  of  TLE-PLM  at 
22.1  kDa,  demonstrating  the  superior  performance  of  pBCL 
for  the  expression  of  PLM.  Similar  expression  levels  were 
obtained  for  the  other  FXYD  family  proteins  Mat-8  and 
CHIF  in  pBCL. 

Upon  overexpression,  both  full-length  Bcl-XL  and  BCL- 
PLM  accumulate  as  insoluble  proteins  and  cannot  be  driven 
to  the  soluble  cellular  fraction  by  lowering  the  temperature 
of  the  cell  culture  to  15°C.  This  is  demonstrated  in  Figure 
2B,  where  the  insoluble  fraction  of  the  cell  lysate  (lane  PI) 
is  highly  enriched  in  BCL173-PLM  (arrow),  while  the 
soluble  fraction  (lane  SI)  contains  very  little.  In  the  initial 
steps  of  fusion  protein  isolation,  the  N-terminal  His  tag  can 
be  used  for  purification  by  Ni-affinity  chromatography; 
however,  in  practice,  we  have  found  that  the  isolation  of 
inclusion  bodies  already  yields  very  pure  protein  (Fig.  2B, 
lane  P2)  and  that  the  purity  is  not  improved  by  Ni-affinity. 
Therefore,  after  isolating  the  inclusion  bodies  by  centrifu¬ 
gation,  we  dissolved  them  in  acidic  GdnHCl  and  proceeded 
directly  to  CNBr  cleavage.  The  cleavage  reaction  was  moni¬ 
tored  by  SDS-PAGE  and  found  to  be  virtually  100%  com¬ 
plete,  releasing  two  fragments  corresponding  to  BCL  and 
PLM,  which  could  be  separated  chromatographically. 

After  CNBr  cleavage,  PLM  was  separated  from  the  BCL 
fusion  partner  by  using  ion  exchange  chromatography,  to 
exploit  the  large  difference  in  isoelectric  point  (pi)  between 


950  Protein  Science,  vol.  14 


Expression  of  membrane-associated  proteins 


BCL173-PLM 


time  (min)  mass  (m/z) 

Figure  2.  (A)  Expression  of  PLM  with  four  different  fusion  protein  plas¬ 
mid  vectors:  pBCL173,  pBCL99,  pKSI,  and  pTLE.  The  gel  shows  total 
lysates  from  cells,  transformed  with  each  plasmid,  and  harvested  before  (-) 
or  after  (+)  induction  with  IPTG.  Fusion  protein  overexpression  is  marked 
by  the  appearance  of  a  distinct  band  (solid  arrows)  at  the  molecular  weight 
of  the  corresponding  fusion  protein:  BCL173-PLM  (29.8  kDa),  BCL99- 
PLM  (21.2  kDa),  KSI-PLM  (23.4  kDa),  and  TLE-PLM  (22.1  kDa).  The 
intensity  of  each  band  is  reported  as  (%Irel)  the  percentage  relative  to  the 
intensity  of  the  band  at  39  kDa  (dashed  arrow).  (B)  Isolation  of  BCL173- 
PLM  inclusion  bodies  (29.8  kDa)  after  cell  lysis.  The  gel  shows  the  pellet 
(PI)  and  supernatant  (SI)  obtained  after  centrifugation  of  the  total  cell 
lysate,  and  the  pellet  (P2)  and  supematatnt  (S2)  obtained  after  resuspending 
the  inclusion  bodies  pellet  (PI)  in  buffer  A  and  centrifuging  again  to 
separate  it  from  the  soluble  fraction  (S2).  (C)  Reverse-phase  HPLC  trace 
for  the  purification  of  PLM  after  CNBr  cleavage  and  ion-exchange  chro¬ 
matography.  PLM  elutes  at  65%  acetonitrile.  (D)  MALDI-TOF  mass  spec¬ 
trum  of  purified  I5N-labeled  PLM  at  8.5  kDa.  The  peak  at  4.3  kDa  is  from 
the  doubly  charged  protein. 


the  basic  PLM  (pi  =  9.3)  and  its  acidic  fusion  partner 
BCL173  (pi  =  4.9)  or  BCL99  (pi  =  5.7).  This  procedure  is 
also  useful  for  the  other  FXYD  family  members.  PLM  was 
further  purified  by  reverse-phase  HPLC  (Fig.  2C),  and  its 
mass  and  purity  were  confirmed  by  mass  spectrometry  (Fig. 
2D).  The  HPLC  trace  demonstrates  that  PLM  elutes  as  a 
single  well-resolved  peak,  in  -  65%  acetonitrile,  as  ob¬ 
served  previously  for  purification  from  the  TLE  fusion  part¬ 


ner  (Crowell  et  al.  2003).  The  major  peak  in  the  MALDI- 
TOF  mass  spectrum  matches  the  calculated  mass  of  uni¬ 
formly  15N-labeled  PLM  (8.490  kDa),  while  the  small  peak 
at  half  mass  arises  from  the  doubly  charged  species.  The 
spectrum  shows  no  evidence  of  degradation  or  chemical 
modifications,  and  the  absence  of  other  intensity  demon¬ 
strates  that  this  procedure  yields  very  pure  protein.  The 
typical  yields  of  PLM  obtained  with  the  pBCL173  plasmid 
are  in  the  range  of  10  mg  of  purified  PLM  per  liter  of  culture 
in  M9  minimal  medium. 

We  have  also  purified  PLM  by  reverse-phase  HPLC  di¬ 
rectly  after  CNBr  cleavage,  bypassing  the  ion-exchange 
step,  and  this  method  also  yields  pure  protein  but  is  more 
taxing  on  the  HPLC  column.  Alternatively,  Ni-affinity  chro¬ 
matography  could  be  used  to  separate  PLM  from  the  BCL99 
fusion  partner,  which  retains  its  N-terminal  His  tag  after 
cleavage,  but  not  to  separate  it  from  BCL173,  which  has  a 
cleavable  Met  residue,  not  mutated  to  Leu,  after  the  His  tag. 

The  two-dimensional  ’H/15N  HSQC  spectrum  of  purified 
uniformly  15N-labeled  PLM,  in  SDS  micelles,  is  shown  in 
Figure  3.  The  spectrum  is  identical  to  that  previously  ob¬ 
tained  from  PLM  prepared  using  the  TLE  expression  system 
(Crowell  et  al.  2003),  and  the  presence  of  one  well-defined 
resonance  for  each  amide  site  in  the  protein  is  indicative  of 
a  high-quality  micelle  sample.  The  resonances  are  well  dis¬ 
persed  and  clearly  resolved,  demonstrating  that  PLM  is 
folded  and  adopts  a  unique  conformation  in  micelles.  The 
limited  chemical  shift  dispersion  reflects  the  helical  struc¬ 
ture  of  this  protein,  also  observed  by  circular  dichroism 
(Crowell  et  al.  2003).  Helical  secondary  structures  have  also 
been  determined  by  NMR  for  Mat-8  and  CHIF,  for  which 
we  have  completed  the  resonance  assignments  and  mea¬ 
sured  several  structural  parameters  (Franzin  et  al.  2005). 

Previously,  we  had  assigned  several  resonances  in  the 
HSQC  spectrum  of  PLM,  including  those  from  the  six  Gly 
residues  labeled  in  Figure  3,  using  uniformly  and  selectively 
15N-labeled  protein  produced  with  the  TLE  system,  and 


Figure  3.  Solution  NMR  'H/15N  HSQC  spectrum  of  uniformly  ’^-la¬ 
beled  PLM  in  SDS  micelles. 
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HSQC-NOESY  data.  However,  the  low  yields  attainable 
with  the  TLE  system  precluded  us  from  preparing  sufficient 
quantities  of  isotopically  labeled  protein  for  complete  reso¬ 
nance  assignment  and  structure  determination,  and 
prompted  us  to  explore  alternative  expression  strategies. 
The  ability  to  produce  large  quantities  of  isotopically  la¬ 
beled  PLM  with  BCL,  makes  it  feasible  to  perform  multi¬ 
dimensional,  triple-resonance  experiments  for  resonance  as¬ 
signment  and  structure  determination  of  this  protein  in  lipid 
micelles.  The  high-level  production  of  PLM  also  enables 
structure  determination  in  lipid  bilayers,  using  solid-state 
NMR  spectroscopy,  which  will  be  important  for  under¬ 
standing  the  mechanism  with  which  this  integral  membrane 
protein  binds  and  regulates  the  Na,K-ATPase. 

The  solid-state  NMR  spectra  of  membrane  proteins,  as¬ 
sociated  with  planar  lipid  bilayers  oriented  perpendicular  to 
the  magnetic  field,  trace  out  characteristic  patterns  that  re¬ 
flect  the  protein  structure  and  orientation  within  the  mem¬ 
brane,  and  thus  provide  very  useful  structural  restraints. 
Helical  structures  give  1SN  chemical  shift/ 'H-15N  dipolar 
coupling  correlation  PISEMA  spectra,  where  the  resonances 
from  amide  sites  in  the  protein  track  helical  wheel  projec¬ 
tions  (Schiffer  and  Edmunson  1967)  that  contain  informa¬ 
tion  on  helix  tilt  and  helix  rotation  within  the  membrane 
(Marassi  and  Opella  2000;  Wang  et  al.  2000;  Marassi  2001). 
Typically,  tram-membrane  helices  have  spectra  with  15N 
chemical  shifts  between  150  and  200  ppm,  and  *H-15N  di¬ 
polar  couplings  between  2  and  10  kHz,  while  helices  that 
bind  parallel  to  the  membrane  surface  have  spectra  with 
shifts  between  70  and  100  ppm  and  couplings  between  0 
and  5  kHz. 

The  solid-state  NMR  spectra  of  PLM  in  lipid  bilayers, 
shown  in  Figure  4,  demonstrate  that  it  can  be  reconstituted 
in  membranes,  in  its  tram-membrane  orientation.  The  15N 
chemical  shift  spectrum  of  PLM  in  unoriented  lipid  bilayer 
vesicles  is  a  powder  pattern  (Fig.  4B,  solid  line)  that  spans 
the  full  range  of  the  amide  15N  chemical  shift  interaction 


15N  shift  (ppm) 


Figure  4.  Solid-state  NMR  1SN  chemical  shift  spectra  of  uniformly  I5N- 
labeled  PLM  in  DOPC/DOPG  lipid  bilayers.  (A)  Spectrum  in  oriented 
planar  bilayers.  ( B )  Spectrum  in  unoriented  bilayer  vesicles  (solid  line), 
and  powder  pattern  calculated  for  a  rigid  15N  amide  site  (dotted  line). 


(Fig.  4B,  dotted  line)  and  provides  no  resolution  of  indi¬ 
vidual  amide  sites.  The  additional  intensity  at  the  isotropic 
resonance  frequencies  (100-130  ppm)  is  from  amino  acid 
sites  that  are  mobile  on  the  time  scale  of  the  15N  chemical 
shift  interaction.  The  peak  at  35  ppm  is  from  the  amino 
groups  at  the  N  terminus  and  side  chains  of  the  protein. 

The  spectrum  of  PLM  in  oriented  planar  lipid  bilayers  is 
very  different  (Fig.  4A),  with  some  of  the  amide  resonances 
centered  at  a  frequency  (80  ppm)  associated  with  NH  bonds 
in  helices  parallel  to  the  membrane  surface,  and  a  distinct 
set  of  resonances  observed  in  a  relatively  narrow  band  of 
frequencies  (200  ppm)  typically  associated  with  NH  bonds 
in  tram-membrane  helices.  This  is  consistent  with  a  con¬ 
formation  where  the  tram-membrane  helix  of  PLM  crosses 
the  bilayer  with  a  small  tilt  angle,  similar  to  CHIF,  whose 
tram-membrane  helix  crosses  the  membrane  with  a  tilt  of 
15°  (±2.5°)  (Franzin  et  al.  2005).  Thus,  purified  PLM  can  be 
refolded  in  micelles  and  in  lipid  bilayers,  where  it  adopts  a 
unique  tram-membrane  conformation. 


Conclusions 

Producing  milligram  amounts  of  protein  for  structural  stud¬ 
ies  often  involves  screening  for  protein  expression  levels  in 
a  variety  of  expression  vectors,  since  no  single  system  is 
equally  well  suited  for  all  target  proteins.  The  BCL  fusion 
protein  plasmid  vector  proved  to  be  very  useful  for  the 
high-level  production  of  integral  membrane  proteins  of  the 
FXYD  family,  and  particularly  for  PLM,  a  family  member 
that  had  previously  been  difficult  to  produce  in  E.  coli.  The 
FXYD  proteins,  PLM,  Mat-8,  and  CHIF,  could  not  be  ex¬ 
pressed  at  substantial  levels  using  pET  plasmids  without  an 
auxiliary  fusion  protein  partner,  and  while  the  TLE  system 
has  been  used  successfully  for  the  production  of  membrane 
peptides  and  proteins  ranging  in  length  from  -  20  to  200 
amino  acids  (Opella  et  al.  2001)  and  is  useful  for  the  pro¬ 
duction  of  Mat-8  and  CHIF  (Crowell  et  al.  2003),  the  yields 
of  purified  PLM  obtained  with  TLE  are  at  least  10  times 
lower  than  those  obtained  with  BCL.  The  KSI  system, 
which  is  designed  for  the  expression  of  either  tandem  re¬ 
peats  of  10-25  residues  peptides,  separated  by  Met  residues 
for  CNBr  cleavage,  or  of  individual  25-75  residues  poly¬ 
peptides,  works  very  well  for  the  production  of  some  shorter 
tram-membrane  peptides  (Opella  and  Marassi  2004)  but 
does  not  yield  high  expression  of  PLM,  whose  length  of  72 
residues  is  close  to  the  limit  for  optimal  expression  with 
KSI.  The  GB-1  (B1  immunoglobulin  binding  domain  of 
streptococcal  protein  G)  fusion  protein  system  was  recently 
developed  for  the  high-level  expression  of  peptides  with 
10-25  amino  acids  of  varying  degrees  of  hydrophobicity 
(Lindhout  et  al.  2003)  and  offers  another  attractive  expres¬ 
sion  alternative,  although  we  did  not  test  its  usefulness  for 
the  production  of  PLM  or  other  integral  membrane  proteins. 
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The  ability  to  produce  PLM  and  other  FXYD  family  pro¬ 
teins,  isotopically  labeled  and  in  large  amounts,  facilitates 
their  structural  study  by  NMR  in  lipid  environments,  and 
their  functional  characterization  as  regulators  of  the  Na,K- 
ATPase.  Given  the  efficiency  of  BCL  as  a  fusion  protein  tag 
for  the  high-level  production  of  PLM,  we  anticipate  that  it 
may  also  be  useful  for  the  production  of  other  single-span¬ 
ning  membrane  proteins  with  similar  size  and  topology,  and 
of  shorter  hydrophobic  peptides,  that  can  be  substituted  for 
the  hydrophobic  C  terminus  of  Bcl-XL. 

Materials  and  methods 

Preparation  of  the  plasmid  vectors  and  inserts 

We  prepared  two  fusion  protein  plasmids,  pBCL173  and  pBCL99, 
which  differ  in  the  amino  acid  sequence  of  the  Bcl-XL  fusion 
partner  (Fig.  1).  For  both  pBCL173  and  pBCL99,  we  deleted 
amino  acids  213-233,  spanning  the  hydrophobic  C  terminus  of 
human  Bcl-XL  (accession:  Z23115);  we  mutated  two  Met  resi¬ 
dues,  Ml 59  and  Ml 70,  to  Leu;  and  we  introduced  an  Aflll/Xhol 
cloning  site  at  the  C  terminus  of  the  construct.  In  addition,  for 
pBCL173,  we  deleted  residues  44-84,  spanning  the  long  flexible 
loop  of  human  Bcl-XL,  while  for  pBCL99  we  deleted  residues 
1-116  spanning  the  loop  as  well  as  helices  1-4  of  the  protein 
(Muchmore  et  al.  1996).  These  mutant  genes,  BCL173  and 
BCL99,  were  each  inserted  in  the  EcoRI  and  Xhol  cloning  sites  of 
a  pET-2ld(+)  (Novagen)  plasmid  vector  that  had  been  previously 
modified  to  encode  an  N-terminal  (His)6  tag.  The  wild-type  Bcl- 
XL  gene  in  the  modified  pET-21d(+)  plasmid  was  a  gift  from  John 
Reed  (The  Burnham  Institute). 

The  FXYD  genes  had  been  previously  constructed  by  PCR,  with 
synthetic,  overlapping,  single-stranded  oliogonucleotides,  opti¬ 
mized  for  E.  coli  codons  (Crowell  et  al.  2003).  There  are  no  Met 
residues  in  the  amino  acid  sequence  of  PLM  (accession: 
NP_005022),  but  those  in  the  Mat-8  (accession:  NP_068710; 
Met31  and  Met36)  and  CHIF  (accession:  NP_071783;  Met22  and 
Met35)  sequences  were  mutated  to  Leu. 

For  cloning  into  the  pBCL  vectors,  we  introduced  Aflll  and 
Xhol  restriction  sites  at  the  5'  (Aflll)  and  3'  (Xhol)  ends  of  each 
FXYD  gene,  as  well  as  a  Met  codon  at  the  start  of  the  sequences 
to  allow  CNBr  cleavage.  The  plasmids  and  inserts  were  each  di¬ 
gested  with  Aflll  and  Xhol,  purified  by  agarose  gel  electrophore¬ 
sis,  and  ligated  together.  The  cloning  and  production  of  Mat-8, 
CHIF,  and  PLM,  using  the  TLE  vector  were  described  previously 
(Crowell  et  al.  2003).  For  cloning  in  the  KSI  vector,  we  introduced 
AlwNI  and  Xhol  restriction  sites  at  the  ends  of  the  FXYD  genes, 
digested  them  with  the  enzymes,  and  ligated  them  with  the  simi¬ 
larly  digested  pET-3  lb(+)  plasmid  (Novagen).  For  each  of  the  four 
systems,  the  resulting  plasmid  was  transformed  in  DH5a,  and 
positive  clones  were  selected  by  PCR  screening  and  DNA  se¬ 
quencing.  For  protein  expression,  the  plasmid  obtained  from  posi¬ 
tive  DH5a  colonies  was  transformed  in  E.  coli  C41(DE3)  (www. 
overexpress.com;  Miroux  and  Walker  1996). 


Protein  expression 

For  protein  expression,  5-10  pL  of  transformed  C41(DE3)  cells, 
from  a  frozen  glycerol  stock,  were  used  to  inoculate  10  mL  of  LB 
media  and  grown  for  5  h  at  37°C  with  vigorous  shaking;  then  1  mL 
of  this  starter  culture  was  added  to  100  mL  of  minimal  M9  media 


and  grown  overnight.  All  media  contained  100  pg/mL  of  ampi- 
cillin.  In  the  morning,  1  L  of  fresh  M9  media  was  inoculated  with 
the  overnight  culture,  and  the  cells  were  grown  to  a  cell  density  of 
ODgoo  =  0.7.  Protein  expression  was  induced  by  the  addition  of  1 
mM  IPTG  for  4  h  at  37°C.  The  cells  were  subsequently  harvested 
by  centrifugation  and  stored  overnight  at  -20°C.  For  uniformly 
15N-labeled  proteins,  (15NH4)2S04  (Cambridge  Isotope  Laborato¬ 
ries)  was  supplied  to  the  M9  salts  as  the  sole  nitrogen  source. 
SDS-PAGE  was  performed  with  the  Tris-Tricine  system  (Schag- 
ger  and  von  Jagow  1987),  and  gels  were  stained  with  Coomassie 
Blue  G250.  The  band  intensities  were  quantified  by  using  SigmaScan 
Pro5.0  (SPSS). 


Protein  purification 

Frozen  cells  from  1  L  of  culture  were  lysed  by  French  press  in  30 
mL  of  buffer  A  (50  mM  Tris  HC1  at  pH  8.0,  15%  glycerol).  The 
soluble  fraction  (Fig.  2B,  lane  SI)  was  removed  by  centrifugation 
(48,000g,  4°C,  30  min),  and  the  pellet  (Fig.  2B,  lane  PI)  was 
washed  twice  by  resuspension  in  30  mL  of  buffer  A,  followed  by 
centrifugation  (48,000g,  4°C,  30  min)  to  remove  the  soluble  frac¬ 
tion  (Fig.  2B,  lane  S2).  The  resulting  pellet  (Fig.  2B,  lane  P2)  was 
dissolved  in  30  mL  of  6  M  GdnHCl  and  again  centrifuged 
(48,000g,  4°C,  2  h)  to  remove  any  insoluble  materials.  The  6  M 
GdnHCl  protein  solution  was  adjusted  to  0.1  N  HC1  (pH  0.2),  a 
100-fold  molar  excess  of  solid  CNBr  was  added,  and  the  mixture 
was  allowed  to  react  overnight  in  the  dark  at  room  temperature.  In 
the  morning,  the  reaction  mixture  was  dialyzed  against  water  until 
the  pH  reached  -  5.0  (6  h  with  several  changes  of  4  L  of  water,  in 
a  dialysis  membrane  with  molecular  weight  cutoff  of  1  kDa), 
lyophilized  to  powder,  and  dissolved  in  buffer  B  (20  mM  Tris  HC1 
at  pH  7.0,  8  M  urea).  PLM  was  purified  by  ion  exchange  chro¬ 
matography  with  a  NaCl  gradient  (FF-S  column,  Amersham  Bio¬ 
sciences),  followed  by  exchange  in  buffer  C  (20  mM  Tris  HC1  at 
pH  7.0,  4  mM  SDS),  and  preparative  reverse-phase  HPLC  (Delta- 
Pak  C4  column.  Waters),  with  a  gradient  of  acetonitrile  in  water 
and  0.1%  trifluoroacetic  acid.  Purified  protein  was  stored  as  ly¬ 
ophilized  powder  at  -20°C.  Alternatively,  the  lyophilized  cleavage 
mixture  was  dissolved  directly  in  buffer  C,  and  PLM  was  purified 
with  reverse-phase  HPLC. 


Mass  spectrometry 

The  molecular  weight  of  PLM  was  verified  by  MALDI-TOF  mass 
spectrometry.  Approximately  0.2  mg  of  lyophilized  protein  were 
dissolved  in  10  pL  of  solution  1  (75%  acetonitrile,  25%  water, 
0.1%  TFA),  and  1  pL  of  this  protein  solution  was  mixed  with  1  L 
of  solution  II  (15  mg/mL  sinnapinic  acid,  300  pL  acetonitrile,  200 
pL  methanol,  500  pL  Milli-Q  ultra  purified  water).  The  resulting 
solution  was  spotted  onto  a  seed  layer  spot  on  the  MALDI  target. 
The  seed  layer  was  prepared  from  matrix  solution  (6  mg  sinnapinic 
acid,  600  pL  methanol,  390  pL  acetone,  10  pL  of  0.1%  aqueous 
TFA).  The  MALDI-TOF  mass  spectrum  was  collected  in  linear 
mode  on  a  Voyager  DE-PRO  mass  spectrometer  (Applied  Biosys¬ 
tems).  Typically,  250-500  laser  pulses  were  averaged  for  each 
spectrum. 


Solution  NMR  spectroscopy 

Samples  were  prepared  by  dissolving  4  mg  of  15N-labeled  protein 
in  300  pL  of  NMR  buffer  (500  mM  SDS,  10  mM  DTT,  13%  DzO, 
20  mM  sodium  citrate  at  pH  5.0).  Solution  NMR  experiments  were 
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performed  on  a  Bruker  AVANCE  600  spectrometer  with  a  600/54 
Magnex  magnet,  equipped  with  a  triple-resonance  5-ram  probe 
with  three-axis  field  gradients.  The  two-dimensional  *H/15N 
HSQC  (Mori  et  al.  1995)  spectrum  was  obtained  at  40°C.  The  15N 
and  ‘H  chemical  shifts  were  referenced  to  0  ppm  for  liquid  am¬ 
monia  and  tetramethylsilane,  respectively.  The  NMR  data  were 
processed  using  NMR  Pipe  (Delaglio  et  al.  1995)  and  rendered  in 
SPARKY  (Goddard  and  Kneller  2004)  on  a  Dell  Precision  330  MT 
Linux  workstation. 


Solid-state  NMR  spectroscopy 

The  lipids,  1 ,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC)  and 
l,2-dioleoyl-™-glycero-3-(phospho-rac-[l -glycerol])  (DOPG)  were 
from  Avanti.  Samples  of  PLM  in  lipid  bilayers  were  prepared  by 
adding  100  mg  of  the  lipids  (DOPC/DOPG  in  8:2  molar  ratio) 
dissolved  in  1  mL  of  chloroform  to  6  mg  of  13N-labeled  protein. 
After  5  min  of  bath  sonication  and  the  addition  of  two  to  five  drops 
of  trifluoroethanol,  to  obtain  an  optically  clear  solution,  the  lipid 
and  protein  mixture  was  distributed  over  the  surface  of  15  glass 
slides  (11x11,  #00,  Marienfeld).  After  allowing  the  organic  sol¬ 
vents  to  evaporate  under  vacuum  overnight,  the  slides  were 
stacked  and  equilibrated  for  24  h  at  40°C  and  93%  relative  hu¬ 
midity,  to  form  oriented  planar  lipid  bilayers.  The  samples  were 
wrapped  in  parafilm  and  then  sealed  in  thin  polyethylene  film  prior 
to  insertion  in  the  NMR  probe.  Lipid  bilayer  vesicles  with  mem¬ 
brane-inserted  PLM  were  prepared  by  crushing  the  glass  slides 
supporting  the  protein-reconstituted  lipid  bilayers  in  additional  wa¬ 
ter,  and  resealing  this  sample  in  a  plastic  bag. 

Solid-state  NMR  experiments  were  performed  on  a  Bruker 
AVANCE  500  spectrometer  with  a  500/89  AS  Magnex  magnet. 
The  home-built  'H/15N  double-resonance  probe  had  a  square  ra¬ 
diofrequency  coil  (11x11x3  mm)  wrapped  directly  around  the 
samples.  The  one-dimensional  15N  chemical  shift  spectra  were 
obtained  with  single  contact  CPMOIST  (Pines  et  al.  1973;  Levitt 
et  al.  1986),  with  a  cross  polarization  contact  time  of  1  msec,  a  ‘H 
90°  pulse  width  of  5  psec,  and  continuous  'H  decoupling  of  63 
kHz.  The  15N  chemical  shifts  were  referenced  to  0  ppm  for  liquid 
ammonia.  The  data  were  processed  using  NMR  Pipe  (Delaglio  et 
al.  1995)  and  rendered  in  Sparky  (Goddard  and  Kneller  2004)  on 
a  Dell  Precision  330  MT  Linux  workstation. 
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(1)  Introduction. 

Many  fundamental  cellular  functions  are  regulated  by  proteins  that  are  integral  to  membranes,  or  that 
associate  peripherally  with  their  surfaces.  Understanding  the  structures  of  these  molecules  is  a  major  goal 
of  structural  biology,  however,  despite  their  importance,  only  a  few  structures  of  membrane  proteins  have 
been  deposited  in  the  Protein  Data  bank,  compared  to  the  thousands  of  coordinates  deposited  for  globular 
proteins  (www.rcsb.org/pdb/).  This  deficit  reflects  the  lipophilic  character  of  membrane  proteins,  which 
makes  them  difficult  to  over-express  and  purify,  complicates  crystallization  for  X-ray  analysis,  and  results 
in  highly  overlapped  and  broadened  solution  NMR  spectral  lines.  NMR  spectroscopy  offers  two 
complementary  approaches  to  membrane  protein  structure  determination:  solution  NMR  with  samples  of 
membrane  proteins  dissolved  in  lipid  micelles,  and  solid-state  NMR  with  samples  of  proteins  incorporated 
in  lipid  bilayers,  a  method  that  is  particularly  attractive  because  it  enables  structures  to  be  determined  in  an 
environment  that  closely  mimiQs  the  biological  membrane. 

High-quality  solution  NMR  spectra  can  be  obtained  for  some  large,  helical,  membrane  proteins  in  micelles, 
but  it  is  very  difficult  to  measure  and  assign  a  sufficient  number  of  long-range  NOEs  for  structure 
determination  (Klein-Seetharaman  et  al.  2002,  Oxenoid  et  al.  2004).  This  limitation  can  be  overcome  by 
preparing  weakly  aligned  micelle  samples  for  the  measurement  of  residual  dipolar  couplings  (RDCs)  and 
residual  chemical  shift  anisotropies  (RCSAs)  (Bax  et  al.  2001,  Prestegard  and  Kishore  2001),  as 
demonstrated  for  the  structure  of  the  bacterial  mercury  detoxification  membrane  protein  MerF  (Howell  et 
al.  2005). 

High-resolution  solid-state  NMR  spectra  can  be  obtained  for  membrane  proteins  that  are  expressed, 
isotopically  labeled,  and  reconstituted  in  uniaxially  oriented  planar  lipid  bilayers.  The  spectra  have 
characteristic  resonance  patterns  that  directly  reflect  protein  structure  and  topology,  and  this  direct 
relationship  between  spectrum  and  structure  provides  the  basis  for  methods  that  enable  the  simultaneous 
sequential  assignment  of  resonances  and  the  measurement  of  orientation  restraints  for  protein  structure 
determination  (Marassi  and  Opella  2000,  Wang  et  al.  2000,  Marassi  2001).  Recent  developments  in  sample 
preparation,  recombinant  bacterial  expression  systems  for  the  preparation  of  isotopically  labeled  membrane 
proteins,  pulse  sequences  for  high-resolution  spectroscopy,  and  structural  indices  that  guide  the  structure 
assembly  process,  have  greatly  extended  the  capabilities  of  the  technique.  The  structures  of  a  variety  of 
membrane  peptides  and  proteins  have  been  examined  using  this  approach,  and  several  atomic-resolution 
structures  have  been  determined  and  deposited  in  the  PDB  (Ketchem  et  al.  1993,  Opella  et  al.  1999, 
Valentine  et  al.  2001,  Wang  et  al.  2001,  Marassi  and  Opella  2003,  Park  et  al.  2003). 

In  this  chapter,  the  methods  are  illustrated  with  examples  from  the  Bcl-2  family  proteins,  which  regulate  a 
major  mechanism  for  commitment  to  programmed  cell  death  (apoptosis),  and  play  critical  roles  in  tissue 
development,  differentiation,  and  homeostasis. 

(2)  The  Bcl-2  family  proteins  and  programmed  cell  death. 

Programmed  cell  death  is  initiated  when  death  signals  activate  the  caspases,  a  family  of  otherwise  dormant 
cysteine  proteases.  External  stress  stimuli  trigger  the  ligation  of  cell  surface  death  receptors,  thereby 
activating  the  upstream  initiator  caspases,  which  in  turn  process  and  activate  the  downstream  cell  death 
executioner  caspases  (Denault  and  Salvesen  2002).  In  addition,  caspases  can  be  activated  when  stress  or 
developmental  cues  within  the  cell  induce  the  release  of  cytotoxic  proteins  from  mitochondria.  This 
intrinsic  mitochondrial  pathway  for  cell  death  is  regulated  by  the  relative  ratios  of  the  pro-  and  anti- 
apoptotic  members  of  the  Bcl-2  protein  family. 

Several  Bcl-2  family  members  have  been  identified  in  humans,  including  both  anti-apoptotic 
(cytoprotective)  and  pro-apoptotic  (death-promoting)  proteins  (Green  and  Reed  1998,  Kroemer  and  Reed 
2000,  Cory  and  Adams  2002,  Danial  and  Korsmeyer  2004).  The  relative  ratios  of  the  pro-  and  anti- 
apoptotic  proteins  determine  the  ultimate  sensitivity  and  resistance  of  cells  to  diverse  death-inducing 
stimuli,  including  chemotherapeutic  drugs,  radiation,  growth  factor  deprivation,  loss  of  cell  attachment  to 


extracellular  matrix,  hypoxia,  infection,  and  lysis  by  cytolytic  T  cells.  Imbalances  in  their  relative 
expression  levels  and  activities  are  associated  with  major  human  diseases,  characterized  by  either 
insufficient  (cancer,  autoimmunity)  or  excessive  (AIDS,  Alzheimer's  disease)  cell  death. 
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Figure  1.  Domain  organization  (A)  and  amino  acid  sequences  (B)  of  human  Bcl-XL  and  Bid.  The  helices  (HI  to  H8)  are  those 
identified  in  the  solution  NMR  structures  of  Bcl-XL  (Muchmore  et  al.  1996,  Aritomi  et  al.  1997)  and  Bid  (Chou  et  al.  1999, 
McDonnell  et  al.  1999)  shown  in  (C).  The  central  core  helices  are  H5  and  H6  in  Bcl-XL  and  H6  and  H7  in  Bid.  The  C-terminal 
hydrophobic  segment  of  Bcl-XL  is  denoted  as  C.  the  putative  lipid  binding  motif  of  Bid  is  denoted  as  LB.  The  sequence  of  tBid 
starts  at  Gly61,  and  the  arrow  marks  the  caspase-8  cleavage  site  at  Asp60. 

The  Bcl-2  proteins  span  approximately  200  amino  acids,  and  share  sequence  homology  in  four 
evolutionarily  conserved  domains  (BH1  -  BH4),  of  which  the  BH3  domain  is  highly  conserved  and 
essential  for  both  cell  killing  and  oligomerization  among  Bcl-2  family  members  (Figure  1).  The  anti- 
apoptotic  family  members  have  all  four  domains,  while  all  of  the  pro-apoptotic  members  lack  BH4,  and 
some  others  only  have  BH3.  These  BH3-only  proteins  are  activated  by  upstream  death  signals,  which 
trigger  their  transcriptional  induction  or  post-translational  modification,  providing  a  key  link  between  the 
extrinsic  death  receptor  and  intrinsic  mitochondrial  pathways  to  cell  death.  Most  family  members  also  have 
a  hydrophobic  C-terminus  (C)  which  is  sufficiently  long  to  span  the  membrane,  and  is  essential  for 
membrane  targeting. 


The  apoptosis  regulatory  activities  of  the  Bcl-2  family  proteins  are  exerted  through  binding  with  other  Bcl- 
2  family  members,  binding  with  other  non-homologous  proteins,  and  through  the  modulation  of  ion¬ 
conducting  pores  that  are  thought  to  influence  cell  fate  by  regulating  mitochondrial  physiology.  Their 
functions  are  also  regulated  by  subcellular  location,  as  the  proteins  cycle  between  soluble  and  membrane- 
bound  forms.  For  example,  some  family  members,  like  anti-apoptotic  Bcl-XL,  localize  to  mitochondrial, 
endoplasmic  reticulum,  or  nuclear  membranes,  while  others,  like  pro-apoptotic  Bid,  are  found  in  the 
cytosol,  but  are  stimulated  by  death  signals  to  target  the  mitochondrial  outer  membrane,  where  they 
participate  in  cytochrome-c  release  and  apoptosis. 

The  structures  of  Bcl-XL  and  Bid,  in  solution,  are  very  similar.  They  consist  of  seven  (Bcl-XL)  or  eight 
(Bid)  p -helices  arranged  with  two  central  somewhat  more  hydrophobic  helices  which  form  the  core  of  the 
molecule  (Figure  1).  In  Bcl-XL,  the  third  helix  spans  the  BH3  domain,  and  is  connected  to  the  first  helix  by 
a  long  flexible  loop,  while  helices  5  and  6  form  the  central  hydrophobic  hairpin  (Muchmore  et  al.  1996, 
Aritomi  et  al.  1997).  The  structure  was  determined  for  a  truncated  form  of  the  protein  lacking  the 
hydrophobic  C-terminus.  In  Bid,  the  third  helix  contains  the  BH3  domain  and  is  connected  to  the  first  two 
helices  by  a  long  flexible  loop,  which  includes  Asp60,  the  caspase-8  cleavage  site.  The  hydrophobic  hairpin 
is  formed  by  helices  6  and  7  (Chou  et  al.  1999,  McDonnell  et  al.  1999).  Despite  the  lack  of  sequence 
homology,  the  structures  of  Bcl-XL  and  Bid  are  strikingly  similar  to  each  other,  and  those  of  other  pro-  and 
anti-apoptotic  Bcl-2  family  proteins  (Suzuki  et  al.  2000,  Petros  et  al.  2001,  Huang  et  al.  2002,  Denisov  et 
al.  2003,  Hinds  et  al.  2003,  Huang  et  al.  2003,  Day  et  al.  2004,  Day  et  al.  2005).  Interestingly,  they  are  also 
similar  to  the  structure  of  the  pore-forming  domains  of  bacterial  toxins,  and,  like  the  toxins  and  other  Bcl-2 
family  members,  they  also  forms  ion-conducting  pores  in  lipid  bilayers  (Cramer  et  al.  1995,  Schendel  et  al. 
1998,  Schendel  et  al.  1999). 

The  structural  basis  for  Bcl-2  pore  formation  is  not  known,  since  the  structures  that  have  been  determined 
are  for  the  soluble  forms  of  the  proteins,  and  pore  formation  by  the  Bcl-2  family  proteins  has  not  been 
established  in-vivo.  Nevertheless,  by  analogy  to  the  bacterial  toxins,  the  Bcl-2  pores  are  thought  to  form  by 
a  rearrangement  of  their  compactly-folded  helices  upon  contact  with  the  mitochondrial  membrane.  One 
model  proposes  membrane  insertion  of  the  core  helical  hairpin  with  the  other  helices  folding  up  to  rest  on 
the  membrane  surface,  while  an  alternative  model  envisions  the  helices  rearranging  to  bind  the  membrane 
surface  without  insertion.  A  third  possible  mechanism  for  the  regulation  of  mitochondrial  physiology  by  the 
Bcl-2  proteins  is  through  their  interaction  with  other  mitochondrial  channels. 

(3)  Protein  expression  and  purification. 

NMR  structural  studies  require  milligram  quantities  of  isotopically  labeled  proteins,  and  the  most  versatile 
and  widely  used  method  for  obtaining  recombinant  proteins  is  by  expression  in  E.  coli,  since  this  enables  a 
wide  variety  of  isotopic  labeling  schemes  to  be  incorporated  in  the  NMR  experimental  strategy.  Smaller 
peptides  can  be  prepared  by  solid  phase  peptide  synthesis,  however  this  is  impractical  for  larger  proteins 
and  for  the  preparation  of  uniformly  labeled  samples,  where  efficient  expression  systems  are  essential.  The 
ability  to  produce  milligram  quantities  of  pure  FXYD  proteins  also  facilitates  functional  studies  that, 
together  with  structure  determination,  can  provide  important  structure-activity  correlations. 

Some  polypeptides,  however,  are  toxic  to  the  bacterial  hosts  that  express  them.  For  example,  some 
membrane  proteins  and  peptides,  including  some  of  bacterial  origin,  congest  the  cell  membranes  when  they 
are  over-expressed,  and  act  as  toxic,  anti-bacterial  agents,  regardless  of  their  actual  biological  functions. 
For  these  difficult  polypeptides,  solid-phase  synthesis  is  not  a  practical  alternative,  because  it  is  typically 
limited  to  sequences  shorter  than  50  amino  acids,  and  while  this  size  limit  can  be  extended  through  the  use 
of  chemical  ligation  methods  (Dawson  et  al.  1994,  Kochendoerfer  2001)  that  can  also  be  applied  to 
membrane  proteins  (Kochendoerfer  et  al.  1999,  Kochendoerfer  et  al.  2004),  NMR  studies  still  require 
bacterial  expression  of  the  polypeptide  precursors  for  the  practical  introduction  of  various  isotopic  labels. 


Several  E.  coli  cell  strains  and  expression  strategies  have  been  developed  to  address  this  problem  (Miroux 
and  Walker  1996,  Rogl  et  al,  1998,  Jones  et  al.  2000,  Majerle  et  al.  2000,  Opella  et  al.  2001,  Sharon  et  al. 
2002,  Bannwarth  and  Schulz  2003,  Booth  2003,  Kiefer  2003,  Lindhout  et  al.  2003,  Smith  and  Walker  2003, 
Wiener  2004),  and  more  recently,  cell-free  expression  has  been  used  to  obtain  milligram  quantities  of 
isotopically  labeled  membrane  proteins  (Klammt  et  al.  2004).  Many  strategies  rely  on  the  use  of  fusion 
protein  tags  to  improve  expression  and  facilitate  purification,  and  many  involve  protein  expression  in 
inclusion  bodies,  to  keep  the  hydrophobic  polypeptide  away  from  the  bacterial  membranes,  and  thus 
increase  the  level  of  expression.  The  formation  of  inclusion  bodies  also  limits  proteolytic  degradation,  and 
simplifies  protein  purification,  which  can  be  further  assisted  by  the  incorporation  of  an  engineered  His  tag 
for  metal  affinity  chromatography. 

The  TLE  (a  portion  of  the  Trp  (3LE  1413  polypeptide)  (Miozzari  and  Yanofsky  1978,  Kleid  et  al.  1981, 
Staley  and  Kim  1994),  and  KSI  (ketosteroid  isomerase)  (Kuliopulos  et  al.  1994)  fusion  partners  promote 
the  accumulation  of  expressed  proteins  as  inclusion  bodies,  and  have  been  used  to  express  several 
membrane  peptides  and  proteins  ranging  in  size  from  20  to  200  amino  acids  (Opella  et  al.  2001,  Opella  and 
Marassi  2004). 

Recently,  we  developed  a  fusion  protein  expression  vector,  pBCL,  that  directs  the  expression  of  a  target 
polypeptide  fused  to  the  C-terminus  of  a  mutant  form  of  the  Bcl-2  family  protein  Bcl-XL,  where  the 
hydrophobic  C-terminus  has  been  deleted,  and  Methionine  residues  have  been  mutated  to  Leucine,  to 
facilitate  CNBr  cleavage  after  a  single  Methionine  inserted  at  the  beginning  of  the  target  polypeptide 
sequence  (Thai  et  al.  2005).  As  shown  in  Figure  2,  this  fusion  partner  yields  the  high-level  expression  of 
membrane  proteins  belonging  to  the  FXYD  family  of  Na,K-ATPase  regulators,  including  some  that  had 
resisted  expression  with  TLE  and  KSI. 

The  pTLE  and  pBCL  vectors  may  be  generally  useful  for  the  high-level  expression  of  other  membrane- 
associated  proteins  that  are  difficult  to  express  because  of  their  toxic  properties.  The  use  of  chemical 
cleavage  eliminates  the  difficulties,  poor  specificity  and  enzyme  inactivation,  often  encountered  with 
protease  treatment  of  insoluble  proteins.  However,  in  cases  where  Met  mutation  is  not  feasible,  protein 
cleavage  from  the  fusion  partner  can  be  obtained  enzymatically,  by  engineering  specific  protease  cleavage 
sites  for  the  commonly  used  enzymes  thrombin,  Fxa,  enterokinase,  and  tobacco  etch  virus  (TEV)  protease. 
Thrombin  and  TEV  retain  activity  in  the  presence  of  detergents,  including  low  mM  concentrations  of  SDS. 

Figure  2.  Expression  of  the  membrane  protein 
phospholemman  (PLM)  and  of  tBid  with  four  different 
fusion  protein  plasmid  vectors:  pBCL173,  pBCL99,  pKSI, 
and  pTLE.  The  gel  shows  total  lysates  from  cells, 
transformed  with  each  plasmid,  and  harvested  before  (-) 
or  after  (+)  induction  with  IPTG.  Fusion  protein  over¬ 
expression  is  marked  by  the  appearance  of  a  distinct 
band  (solid  arrows)  at  the  molecular  weight  of  the 
corresponding  fusion  protein:  BCL173-PLM  (29.8  kD), 
BCL99-PLM  (21.2  kD),  KSI-PLM  (23.4  kD),  TLE-PLM 
(22.1  kD),  and  TLE-tBid  (30.0  kD)  (Gong  et  al.  2004, 
Thaiet  al.  2005). 
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The  pro-apoptotic  Bcl-2  family  protein,  Bid,  is  activated  upon  cleavage  by  caspase-8,  to  release  the  1 5  kD 
C-terminal  fragment  tBid,  which  translocates  from  the  cytosol  to  the  outer  mitochondrial  membrane 
inducing  massive  cytochrome-c  release  and  cell  death  (Scorrano  and  Korsmeyer  2003).  Full-length  Bid  can 
be  expressed  at  high  levels,  in  E.  coli,  as  a  soluble  protein,  however  tBid  is  toxic  for  bacterial  cells.  To 
produce  milligram  quantities  of  15N-labeled  tBid  for  NMR  studies  we  used  the  TLE  fusion  protein  vector 
(Figure  2).  tBid  was  separated  from  the  fusion  partner  by  means  of  CNBr  cleavage  at  the  engineered  N- 
terminal  Met  residue,  and  this  method  yields  approximately  10  mg  of  purified  15N-labeled  tBid  from  1  L  of 
culture.  To  avoid  cleavage  within  the  tBid  segment,  the  four  Met  residues  in  the  tBid  amino  acid  sequence, 


were  mutated  to  Leu,  and  therefore,  it  was  important  to  demonstrate  that  the  recombinant  protein  retained 
its  biological  activity.  Recombinant  tBid,  isolated  from  inclusion  bodies,  was  fully  active  in  its  ability  to 
induce  cytochrome-c  and  SMAC  release  from  isolated  mitochondria,  and  retained  its  capacity  to  bind  anti- 
apoptotic  Bc1-Xl  through  its  BH3  domain  despite  the  M97L  mutation  in  its  sequence  (Gong  et  al.  2004). 

(4)  NMR  in  micelles. 

Solution  NMR  methods  rely  on  rapid  molecular  reorientation  for  line  narrowing,  and  can  be  successfully 
applied  to  membrane  proteins  in  micelles  (Henry  and  Sykes  1994,  Williams  et  al.  1996,  Almeida  and 
Opella  1997,  Gesell  et  al.  1997,  MacKenzie  et  al.  1997,  Arora  et  al.  2001,  Fernandez  et  al.  2001,  Hwang  et 
al.  2002,  Ma  et  al.  2002,  Mascioni  et  al.  2002,  Oxenoid  et  al.  2002,  Sorgen  et  al.  2002,  Crowell  et  al.  2003, 
Krueger-Koplin  et  al.  2004,  Howell  et  al.  2005).  The  size  limitation  is  substantially  more  severe  than  for 
globular  proteins,  because  the'  ipany  lipid  molecules  associated  with  each  polypeptide  slow  its  overall 
reorientation  rate.  Micelles  afford  rapid  and  effectively  isotropic  reorientation  of  the  protein,  and  their 
amphipathic  nature  simulates  that  of  membranes,  offering  a  realistic  alternative  to  organic  solvents  for 
studying  membrane  proteins.  Moreover,  for  the  proteins  examined  by  both  solution  and  solid-state  NMR, 
similar  structural  features  have  been  found  in  micelle  and  bilayer  samples  (Lee  et  al.  2003,  Mesleh  et  al. 
2003). 

The  first  step  in  solution  NMR  studies  of  proteins  is  the  preparation  of  folded,  homogeneous,  and  well- 
behaved  samples,  and  several  lipids  are  available  for  membrane  protein  solubilization  (Krueger-Koplin  et 
al.  2004).  For  membrane-bound  proteins,  small  micelles  containing  approximately  sixty  lipids  and  one 
protein  provide  a  generally  effective  model  membrane  environment,  without  the  damaging  effects  of 
organic  solvents.  The  primary  goal  in  micelle  preparation  is  to  reduce  the  effective  rotational  correlation 
time  of  the  protein  so  that  resonances  will  have  the  narrowest  possible  line  widths.  Careful  handling  of  the 
protein  throughout  the  purification  is  essential,  since  subtle  changes  in  the  protocol  can  have  a  significant 
impact  on  the  quality  of  the  resulting  spectra.  It  is  essential  to  optimize  the  protein  concentration,  lipid 
nature  and  concentration,  counter  ions,  pH  and  temperature,  in  order  to  obtain  well-resolved  NMR  spectra, 
with  narrow  'H  and  15N  resonance  line  widths. 

Although  high-quality  solution  NMR  spectra  can  be  obtained  even  for  some  large  helical  membrane 
proteins  in  micelles  (Krueger-Koplin  et  al.  2004,  Oxenoid  et  al.  2004,  Howell  et  al.  2005),  there  are  only 
very  few  cases  where  it  has  been  possible  to  measure  and  assign  sufficient  long-range  NOEs  for  structure 
determination.  This  limitation  can  be  overcome  by  preparing  weakly  aligned  micelle  samples  for  the 
measurement  of  RDCs  (Bax  et  al.  2001,  Prestegard  and  Kishore  2001)  from  the  backbone  amide  sites,  and 
the  analysis  of  these  orientation  restraints  in  terms  of  Dipolar  Waves  (Mesleh  et  al.  2002,  Lee  et  al.  2003, 
Mesleh  et  al.  2003,  Mesleh  and  Opella  2003).  Stressed  polyacrylamide  gels  provide  an  ideal  orientable 
medium  for  membrane  proteins  in  micelles,  because  they  do  not  suffer  from  the  drawbacks  of  bicelles, 
which  bind  tightly  to  membrane  proteins,  or  phage  particles,  which  are  destroyed  by  micelles  (Sass  et  al. 
2000,  Tycko  et  al.  2000,  Chou  et  al.  2001,  Meier  et  al.  2002,  Howell  et  al.  2005).  Another  useful  approach 
to  compensate  for  insufficient  NOEs  involves  the  combination  of  site-directed  spin  labeling  and  NMR 
(Battiste  and  Wagner  2000),  where  distances  derived  from  paramagnetic  broadening  of  NMR  resonances  is 
used  to  determine  global  fold.  In  addition,  spin  label  probes  and  metal  ions  can  be  incorporated  within  the 
micelles  in  order  to  probe  protein  insertion  (Papavoine  et  al.  1994,  Van  Den  Hooven  et  al.  1996,  Jarvet  et 
al.  1997,  Damberg  et  al.  2001,  Sorgen  et  al.  2002,  Kutateladze  et  al.  2004). 

(4.1)  Determining  the  structures  of  proteins  in  micelles. 

The  measurements  of  as  many  homonuclear  ‘H/'H  NOEs  as  possible  among  the  assigned  resonances 
provide  the  short-range  and  long-range  distance  restraints  required  for  structure  determination  (Clore  and 
Gronenbom  1989,  Wuthrich  1989,  Ferentz  and  Wagner  2000).  These  are  supplemented  by  other  structural 
restraints,  such  as  spin-spin  coupling  constants,  chemical  shift  correlations,  deuterium  exchange  data,  and 


RDCs  in  order  to  assign  resonances  and  to  characterize  the  secondary  structure  of  the  protein.  The  HSQC 
(heteronuclear  single  quantum  coherence)  spectra  of  samples  in  D2O  solutions  identify  the  most  stable 
helical  residues,  and  can  provide  useful  information  on  the  topology  of  membrane  proteins  in  micelles 
(Czerski  et  al.  2000).  In  addition,  hydrogen-deuterium  fractionation  experiments  extend  the  range  of 
exchange  rates  that  can  be  monitored  to  identify  more  subtle  structural  features  (Veglia  et  al.  2002). 

The  two-dimensional  HSQC  spectra  also  serve  as  the  basis  for  the  measurement  of  the  'H  and  15N 
relaxation  parameters  of  protein  backbone  amide  site,  which  are  useful  for  describing  protein  dynamics. 
The  heteronuclear  'H-15N  NOEs  of  the  backbone  amide  sites  provide  remarkably  direct  and  sensitive 
information  on  local  protein  dynamics  (Gust  et  al.  1975,  Boguski  et  al.  1987,  Bogusky  et  al.  1988).  They 
can  be  measured  with  and  without  *H  irradiation  to  saturate  the  'H  magnetization  (Farrow  et  al.  1994). 

RDCs  are  extremely  useful  both  for  structure  refinement,  and  for  the  de  novo  determination  of  protein  folds 
(Tolman  et  al.  1995,  Clore  and  Gronenbom  1998,  Delaglio  et  al.  2000,  Fowler  et  al.  2000,  Hus  et  al.  2000, 
Mueller  et  al.  2000).  During  refinement,  these  measurements  supplement  an  already  large  number  of 
chemical  shifts,  approximate  distance  measurements,  and  dihedral  angle  restraints.  Among  the  principal 
advantages  of  anisotropic  spectral  parameters  in  solution  NMR  spectroscopy  is  that  they  can  report  on  the 
global  orientations  of  separate  domains  of  a  protein  and  of  individual  bonds  relative  to  a  reference  frame, 
which  reflects  the  preferred  alignment  of  the  molecule  in  the  magnetic  field.  This  does  not  preclude  their 
utility  in  characterizing  the  local  backbone  structure  of  a  protein  molecule. 

The  RDCs  and  RCSAs  measured  in  solution  NMR  experiments  provide  direct  angular  restraints  with 
respect  to  a  molecule-fixed  reference  frame  (Bax  et  al.  2001,  Prestegard  and  Kishore  2001,  Lee  et  al.  2003). 
They  are  analogous  to  the  non-averaged  dipolar  couplings  and  chemical  shift  anisotropies  measured  in 
solid-state  NMR  experiments  (Marassi  and  Opella  2000,  Wang  et  al.  2000,  Marassi  2001).  These 
orientation  restraints  are  the  principal  mechanism  for  overcoming  the  limitations  resulting  lfom  having  few 
reliable  long-range  NOEs  available  as  distance  restraints,  often  encountered  with  samples  of  membrane- 
bound  proteins  in  micelles. 

Dipolar  Waves  are  very  effective  at  identifying  the  helical  residues  in  membrane-bound  proteins  and  the 
relative  orientations  of  the  helical  segments,  and  also  serve  as  indices  of  the  helix  regularity  in  proteins 
(Mesleh  et  al.  2002).  The  magnitudes  of  the  RDCs  are  plotted  as  a  function  of  residue  number  and  fit  to  a 
sine  wave  with  a  period  of  3.6  residues  (Mesleh  et  al.  2002,  Mesleh  et  al.  2003,  Mesleh  and  Opella  2003). 
The  quality  of  fit  is  monitored  by  a  scoring  function  in  a  four-residue  sliding  window  and  the  phase  of  the 
fit.  Dipolar  Waves  from  solution  NMR  data  give  relative  orientations  of  helices  in  a  common  molecular 
frame.  On  the  other  hand  Dipolar  Waves  from  solid-state  NMR  data  give  absolute  measurements  of  helix 
orientations  because  the  polypeptides  are  immobile  and  the  samples  have  a  known  alignment  in  the 
magnetic  field. 

(4.2)  tBid  in  micelles. 

The  cleavage  of  Bid  by  caspase-8  results  in  a  C-terminal  product,  tBid,  which  targets  mitochondria  and 
induces  apoptosis  with  strikingly  enhanced  activity.  To  characterize  the  conformation  of  tBid  in  lipid 
environments,  we  obtained  its  CD  (circular  dichroism)  and  solution  NMR  'H/15N  HSQC  spectra  in  the 
absence  or  in  the  presence  of  lipid  micelles  (Figure  3)  (Gong  et  al.  2004).  The  HSQC  spectra  of  proteins  are 
the  starting  point  for  additional  multi-dimensional  NMR  experiments  that  lead  to  structure  determination. 
In  these  spectra,  each  15N-labeled  protein  site  gives  rise  to  a  single  peak,  characterized  by  'H  and  15N 
chemical  shift  frequencies  that  reflect  the  local  environment.  In  addition,  the  peak  line  widths  and  line 
shapes,  and  their  dispersion  in  the  *H  and  15N  frequency  dimensions,  are  sensitive  indicators  of  protein 
conformational  stability  and  aggregation  state. 

In  the  absence  of  lipids,  the  CD  spectrum  of  tBid  displays  minima  at  202  nm  and  222  nm,  characteristic  of 
predominantly  helical  proteins  (Figure  3A,  solid  line).  However,  while  tBid  retains  its  helical  conformation 
even  when  it  is  separated  from  the  60-residue  N-terminal  segment,  many  of  the  resonances  in  its  HSQC 


spectrum  cannot  be  detected  (Figure  3B),  suggesting  that  the  protein  aggregates  in  solution,  adopts  multiple 
conformations,  or  undergoes  dynamic  conformational  exchange  on  the  NMR  timescales.  This  is  consistent 
with  the  dramatic  changes  in  the  physical  properties  of  the  protein  that  result  from  caspase-8  cleavage. 
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Figure  3.  tBid  adopt  well-defined  helical  fold  in  lipid  micelles.  The  CD  spectra  in  (A)  were  obtained  at  25°C  for  tBid  in  aqueous 
solution  (solid  line).  SDS  micelles  (broken  line),  or  LPPG  micelles  (dotted  line).  The  MH/15N  HSQC  NMR  spectra  in  (B,  C,  D)  were 
obtained  at  40°C  for  uniformly  15N-labeled  tBid  in  (A)  aqueous  solution,  (B)  SDS  micelles,  or  (C)  LPPG  micelles.  Aqueous 
samples  were  in  20  mM  sodium  phosphate,  pH  5;  SDS  micelle  samples  were  in  20  mM  sodium  phosphate,  pH  7,  500  mM  SDS; 
and  LPPG  micelle  samples  were  in  20  mM  sodium  phosphate,  pH  7,  100  mM  LPPG. 


When  tBid  is  dissolved  in  lipid  micelles  its  HSQC  spectrum  changes  dramatically,  and  single,  well-defined 
'H/^N  resonances  are  observed  for  each  15N-labeled  NH  site,  indicating  that  it  adopts  a  unique 
conformation  in  this  environment  (Figures  3C,  3D).  Several  lipids  are  available  for  protein  solubilization, 
and  we  tested  both  SDS  and  LPPG  for  their  ability  to  yield  high-quality  HSQC  spectra  of  tBid  for  structure 
determination.  Both  gave  excellent  spectra  where  most  of  the  130  amide  resonances  of  tBid  could  be 
resolved;  for  example  the  resonances  from  the  five  Gly  amide  sites  are  resolved  in  SDS  (Figure  3C),  and 
four  out  of  five  are  resolved  in  LPPG  (Figure  3D).  Both  SDS  and  LPPG  are  negatively  charged  but  they 
differ  in  the  lengths  of  their  hydrocarbon  chains  (Cl 2  for  SDS;  Cl  6  for  LPPG),  and  their  polar  headgroups 
(sulfate  for  SDS;  phosphatidylglycerol  for  LPPG),  thus  the  differences  in  'H  and  l5N  chemical  shifts 
between  the  two  HSQC  spectra  most  likely  reflect  the  different  lipid  environments.  The  spectrum  in  LPPG 
has  exceptionally  well-dispersed  resonances  with  homogeneous  intensities  and  line-widths.  LPPG  was 
recently  identified  as  a  superior  lipid  for  NMR  studies  of  several  membrane  proteins  (Krueger-Koplin  et  al. 
2004),  and  is  particularly  interesting  for  this  study  because  it  is  a  close  analog  of  cardiolipin  and 
monolysocardiolipin,  the  major  components  of  mitochondrial  membranes  that  binds  tBid.  The  limited 
chemical  shift  dispersion  in  the  two  spectra  is  typical  of  helical  proteins  in  micelles,  and  this  is  confirmed 
by  the  corresponding  CD  spectra,  which  are  dominated  by  minima  at  202  nm  and  222  nm,  and  thus  show 
that  tBid  retains  a  predominantly  helical  fold  in  both  SDS  and  LPPG  (Figure  3 A,  broken  and  dashed  lines). 


(5)  NMR  in  bilayer  membranes. 

When  the  lipid  bilayers  are  oriented  with  their  surface  perpendicular  to  the  magnetic  field,  the  solid-state 
NMR  spectra  of  the  membrane-associated  proteins  trace  out  maps  of  their  structure  and  orientation  within 
the  membrane,  and  thus  provide  very  useful  structural  information  prior  to  complete  structure 
determination  (Marassi  and  Opella  2000,  Wang  et  al.  2000,  Marassi  2001).  For  example,  helices  give 
characteristic  solid-state  NMR  spectra  where  the  resonances  from  amide  sites  in  the  protein  trace-out 
helical  wheels  that  contain  information  regarding  helix  tilt  and  rotation  within  the  membrane.  Typically, 
trans-membrane  helices  have  PISEMA  spectra  with  15N  chemical  shifts  between  150  and  200  ppm,  and  'H- 
15N  dipolar  couplings  between  2  and  10  kHz,  while  helices  that  bind  parallel  to  the  membrane  surface  have 
spectra  with  shifts  between  70  and  100  ppm  and  couplings  between  0  and  5  kHz.  We  refer  to  these  as  the 
trans-membrane  and  in-plane  regions  of  the  PISEMA  spectrum,  respectively. 

Glass-supported  oriented  phospholipid  bilayers  containing  membrane  proteins  accomplish  the  principal 
requirements  of  immobilizing  and  orienting  the  protein  for  solid-state  NMR  structure  determination.  The 
planar  lipid  bilayers  are  supported  on  glass  slides,  and  are  oriented  in  the  NMR  probe  so  that  the  bilayer 
normal  is  parallel  to  the  field  of  the  magnet,  as  shown  in  Figure  4 A.  The  choice  of  lipid  can  be  used  to 
control  the  lateral  spacing  between  neighboring  phospholipid  molecules  as  well  as  the  vertical  spacing 
between  bilayers.  The  use  of  phospholipids  with  unsaturated  chains  leads  to  more  expanded  and  fluid 
bilayers,  and  the  addition  of  negatively  charged  lipids  increases  inter-bilayer  repulsions  leading  to  larger 
interstitial  water  layers  between  bilayer  leaflets. 

Samples  of  membrane  proteins  in  lipid  bilayers  oriented  on  glass  slides  can  be  prepared  by  deposition  from 
organic  solvents  followed  by  evaporation  and  lipid  hydration,  or  by  fusion  of  reconstituted  unilamellar  lipid 
vesicles  with  the  glass  surface  (Marassi  2002).  The  choice  of  solvents  in  the  first  method,  and  of  detergents 
in  the  second,  is  critical  for  obtaining  highly  oriented  lipid  bilayer  preparations.  In  all  cases  the  thinnest 
available  glass  slides  are  utilized  to  obtain  the  best  filling  factor  in  the  coil  of  the  probe.  With  carefully 
prepared  samples  it  is  possible  to  obtain  15N  resonance  line  widths  of  less  than  3  ppm  (Marassi  et  al.  1997). 
Notably,  these  line  widths  are  less  than  those  typically  observed  in  single  crystals  of  peptides, 
demonstrating  that  the  proteins  in  the  bilayers  are  very  highly  oriented,  with  mosaic  spreads  of  less  than 
about  2°. 

(5.1)  Bcl-XL  and  tBid  in  bilayers. 

To  examine  the  conformations  of  Bcl-XL  and  tBid  associated  with  membranes,  we  obtained  one¬ 
dimensional  l5N  chemical  shift  and  two-dimensional  'H/^N  PISEMA  solid-state  NMR  spectra  of  the  15N- 
labeled  proteins  reconstituted  in  lipid  bilayers  (Franzin  et  al.  2004,  Gong  et  al.  2004).  In  these  samples,  the 
lipid  composition  of  60%  DOPC  and  40%  DOPG  was  chosen  to  mimic  the  highly  negative  charge  of 
mitochondrial  membranes.  This  lipid  composition  is  identical  to  that  of  the  liposomes  used  for  the 
measurement  of  the  ion  channel  activities  of  Bcl-XL,  Bid,  and  tBid  (Minn  et  al.  1997,  Schendel  et  al. 
1999),  which  were  prepared  in  the  same  way  as  the  oriented  lipid  bilayers  used  in  the  NMR  study. 

The  samples  of  Bcl-XL  and  tBid  in  bilayers  were  prepared  by  spreading  lipid  vesicles,  reconstituted  with 
15N-labeled  protein,  on  the  surface  of  the  glass  slides,  allowing  bulk  water  to  evaporate,  and  incubating  the 
sample  in  a  water-saturated  atmosphere  (Franzin  et  al.  2004,  Gong  et  al.  2004).  Each  sample  was  wrapped 
in  parafilm  and  then  sealed  in  thin  polyethylene  film  prior  to  insertion  in  the  NMR  probe.  The  degree  of 
phospholipid  bilayer  alignment  can  be  assessed  with  solid-state  31P  NMR  spectroscopy  of  the  lipid 
phosphate  headgroup.  The  31P  NMR  spectra  obtained  for  lipid  bilayers  with  Bcl-XL  are  characteristic  of  a 
liquid-crystalline  bilayer  arrangement,  in  both  oriented  (Figure  4B)  and  unoriented  samples  (Figure  4C). 
The  spectrum  from  the  oriented  sample  has  a  single  peak  near  30  ppm,  as  expected  for  highly  oriented 
bi  layers. 


Membrane-associated  Bcl-XL. 

The  spectra  in  Figure  4  were  obtained  from  samples  of  uniformly  15N-labeled  Bcl-xL  in  oriented  and 
unoriented  lipid  bilayers  (Franzin  et  al.  2004).  The  spectrum  obtained  from  oriented  Bcl-xL  (Figure  4D)  is 
separated  into  discemable  resonances  with  distinct  intensities  near  80  and  170  ppm.  These  spectral  features 
reflect  a  structural  model  where  the  helices  of  Bcl-XL  associate  with  the  membrane  surface  with  limited 
transmembrane  helix  insertion. 


Figure  4.  Effect  of  sample  orientation  on  the  solid-state 
NMR  spectra  of  isotopically  labeled  proteins.  (A)  The 
glass-supported  phospholipid  bilayer  samples  are 
oriented  in  the  NMR  probe  so  that  the  bilayer  normal  is 
parallel  to  the  direction  of  the  magnetic  field  (Bo).  (B) 
Oriented  phospholipid  bilayers  give  single-line  one¬ 
dimensional  31P  chemical  shift  NMR  spectra,  while  (C) 
spherical  lipid  bilayer  vesicles  give  powder  patterns.  (D) 
The  one-dimensional  15N  chemical  shift  NMR  spectrum 
of  uniformly  15N  labeled  Bcl-XL  in  oriented  lipid  bilayers 
displays  multiple  resonances,  compared  to  (E)  the 
powder  pattern  that  is  obtained  for  the  same  protein  in 
unoriented  lipid  bilayer  vesicles.  The  15N  chemical  shifts 
are  referenced  to  0  ppm  for  liquid  ammonia. 


The  spectrum  from  unoriented  bilayers  (Figure  4E)  provides  no  resolution  among  resonances,  but  it 
provides  an  indication  of  protein  dynamics,  because  of  the  pronounced  effects  of  motional  averaging  on 
such  spectra. 

Most  of  the  backbone  sites  are  structured  and  immobile  on  the  timescale  of  the  15N  chemical  shift 
interaction  (10  kHz),  contributing  to  the  characteristic  amide  powder  pattern  between  220  and  60  ppm. 
Some  of  the  Bcl-XL  backbone  sites,  probably  near  the  termini  and  loop  regions,  are  mobile,  and  give  rise  to 
the  resonance  band  centered  near  120  ppm.  Therefore,  while  certain  resonances  near  120  ppm,  in  the 
spectrum  of  oriented  Bcl-XL,  may  reflect  specific  orientations  of  their  corresponding  sites,  some  others 
arise  from  mobile  backbone  sites.  The  intensity  near  35  ppm,  also  present  in  the  spectrum  from  the  oriented 
sample,  is  from  the  protein  amino  groups,  which  have  a  considerably  narrower  15N  chemical  shift 
anisotropy.  Taken  together,  the  15N  and  31P  spectra  provide  evidence  that  Bcl-xL,  an  anti-apoptotic  Bcl-2 
family  protein,  associates  predominantly  with  the  membrane  surface,  without  disruption  of  the  membrane 
integrity. 


Membrane-associated  tBid. 

The  ,5N  chemical  shift  spectrum  of  tBid  in  spherical  lipid  bilayer  vesicles  is  a  powder  pattern  (Figure  5 A, 
solid  line)  that  spans  the  full  range  (60-220  ppm)  of  the  amide  15N  chemical  shift  interaction  (Figure  5  A, 
dashed  line).  The  absence  of  additional  intensity  at  the  isotropic  resonance  frequencies  (100-130  ppm) 
demonstrates  that  the  majority  of  amino  acid  sites  are  immobile  on  the  time  scale  of  the  l5N  chemical  shift 
interaction,  although  it  is  possible  that  some  mobile  unstructured  residues  could  not  be  observed  by  cross¬ 
polarization.  The  peak  at  35  ppm  is  from  the  amino  groups  at  the  N-terminus  and  sidechains  of  the  protein. 
The  spectrum  of  tBid  in  planar  oriented  lipid  bilayers  is  very  different  (Figure  5C).  All  of  the  amide 
resonances  are  centered  at  a  frequency  associated  with  NH  bonds  in  helices  parallel  to  the  membrane 
surface  (80  ppm),  while  no  intensity  is  observed  at  frequencies  associated  with  NH  bonds  in  trans¬ 
membrane  helices  (200  ppm).  The  NMR  data  show  no  evidence  of  conformational  exchange  on  the 
millisecond  to  second  time  scales  of  the  channel  opening  and  closing  events,  thus  eliminating  the 
possibility  of  transient  insertion  of  tBid  in  the  membrane.  Thus  tBid  binds  strongly  to  the  membrane 
surface  and  adopts  a  unique  conformation  and  orientation  in  the  presence  of  phospholipids  (Gong  et  al. 
2004). 


Figure  5.  One-dimensional  16N  chemical  shift  spectra  of  tBid  in 
lipid  bilayers.  (A)  uniformly  15N-labeleld  tBid  in  unoriented  lipid 
biiayer  vesicles  (solid  line),  and  powder  pattern  calculated  for  a 
rigid  15N  amide  site  (dotted  line).  (B)  One-dimensional  15N 
spectrum  of  selectively  15N-Lys-labeled  tBid  in  oriented  lipid 
bilayers.  (C)  One-dimensional  15N  spectrum  of  uniformly  1SN- 
labeled  tBid  in  oriented  lipid  bilayers. 


Amide  hydrogen  exchange  rates  are  useful  for  identifying  residues  that  are  involved  in  hydrogen  bonding, 
and  that  are  exposed  to  water.  Typically,  the  amide  hydrogens  in  trans-membrane  helices  have  very  slow 
exchange  rates  due  to  their  strong  hydrogen  bonds  in  the  low  dielectric  of  the  lipid  bilayer  environment, 
and  their  15N  chemical  shift  NMR  signals  persist  for  days  after  exposure  to  D20  (Franzin  et  al.  2004). 
Trans-membrane  helices  that  are  in  contact  with  water  because  they  participate  in  channel  pore  formation, 
and  other  water-exposed  helical  regions  proteins,  have  faster  exchange  rates,  and  their  NMR  signals 
disappear  on  the  order  of  hours  (Tian  et  al.  2003).  To  examine  the  amide  hydrogen  exchange  rates  for 
membrane-bound  tBid,  we  obtained  solid-state  NMR  spectra  after  exposing  the  oriented  lipid  bilayer 
sample  to  D20  for  2  hours,  5  hours,  and  finally  for  7  hours.  The  majority  of  resonances  in  the  15N  chemical 
shift  spectrum  of  tBid  disappeared  within  8  hours,  indicating  that  the  amide  hydrogens  exchange  and  hence, 
are  in  contact  with  the  bilayer  interstitial  water. 

The  tBid  amino  acid  sequence  has  four  Lys  residues  (Lysl44,  Lysl46,  Lysl57,  and  Lysl58)  all  located  in 
or  near  helix-6,  one  of  the  two  helices  thought  to  insert  in  the  membrane  and  form  the  tBid  ion-conducting 
pore.  The  spectrum  of  15N-Lys  labeled  tBid  in  bilayers  is  notable  because  its  amide  resonances  all  have 
chemical  shifts  near  80  ppm,  in  the  in-plane  region  of  the  spectrum,  and  this  cannot  be  reconciled  with 
membrane  insertion  (Figure  5B).  Since  tBid  maintains  a  helical  fold  in  lipid  micelles  and  it  is  reasonable  to 
assume  that  the  helix  boundaries  are  not  changed  from  those  of  full-length  Bid,  the  solid-state  NMR  data 
demonstrate  that  helix-6  does  not  insert  through  the  membrane  but  associates  parallel  to  its  surface.  This  is 
also  supported  by  a  recent  EPR  study  (Oh  et  al.  2004). 


(5.2)  Determining  the  structures  of  proteins  in  bilayers. 

When  membrane  proteins  are  incorporated  in  planar  lipid  bilayers  that  are  oriented  in  the  field  of  the  NMR 
magnet,  the  frequencies  measured  in  their  multi-dimensional  solid-state  NMR  spectra  contain  orientation- 
dependent  information  that  can  be  used  for  structure  determination  (Marassi  2002).  The  PISEMA 
(polarization  inversion  with  spin  exchange  at  the  magic  angle)  experiment  gives  high-resolution,  two- 
dimensional,  'H-1sN  dipolar  coupling  /  15N  chemical  shift  correlation  spectra  of  oriented  membrane 
proteins  where  the  individual  resonances  contain  orientation  restraints  for  structure  determination  (Wu  et 
al.  1994).  PISEMA  spectra  of  membrane  proteins  in  oriented  lipid  bilayers  also  provide  sensitive  indices  of 
protein  secondary  structure  and  topology  because  they  exhibit  characteristic  wheel-like  patterns  of 
resonances,  called  Pisa  Wheels,  that  reflect  helical  wheel  projections  (Schiffer  and  Edmunson  1967)  of 


residues  in  both  (3 -helices  and  (3-sheets  (Marassi  and  Opella  2000,  Wang  et  al.  2000,  Marassi  2001).  When 
a  Pisa  Wheel  is  observed,  no  assignments  are  needed  to  determine  the  tilt  of  a  helix,  and  a  single  resonance 
assignment  is  sufficient  to  determine  the  helix  rotation  in  the  membrane.  This  information  is  extremely 
useful  for  determining  the  supramolecular  architectures  of  membrane  proteins  and  their  assemblies. 

The  shape  and  position  of  the  Pisa  Wheel  in  the  spectrum  depends  on  the  protein  secondary  structure  and 
its  orientation  relative  to  the  lipid  bilayer  surface,  as  well  as  the  amide  N-H  bond  length  and  the  magnitudes 
and  orientations  of  the  principal  elements  of  the  amide  15N  chemical  shift  tensor.  This  direct  relationship 
between  spectrum  and  structure  makes  it  possible  to  calculate  solid-state  NMR  spectra  for  specific 
structural  models  of  proteins,  and  provides  the  basis  for  a  method  of  backbone  structure  determination  from 
a  limited  set  of  uniformly  and  selectively  15N-labeled  samples  (Marassi  and  Opella  2002,  Marassi  and 
Opella  2003). 
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Figure  6.  Helices  and  strands  in  oriented  planar  lipid 
bilayers  give  characteristic  solid-state  NMR  spectra 
called  Pisa  Wheels.  The  ’H-^N  dipolar  coupling  /15N 
chemical  shift  PISEMA  spectra  were  calculated  for  (A)  an 
ideal  p-helix  with  uniform  dihedral  angles  (phi/psi  =  -657- 
40°),  and  (B)  an  ideal  p-strand  with  uniform  dihedral 
angles  (phi/psi  = -1357140°),  at  different  tilts  relative  to 
the  magnetic  field  direction  and  the  membrane  normal. 
The  1SN  chemical  shifts  are  referenced  to  0  ppm  for  liquid 
ammonia.  Spectra  were  calculated  as  described 
(Marassi  2001). 


The  Pisa  Wheels  calculated  for  single  helices  or  strands,  oriented  at  varying  degrees  in  a  lipid  bilayer  are 
shown  in  Figure  6.  When  the  helix  or  strand  cross  the  membrane  with  their  long  axes  exactly  parallel  to  the 
lipid  bilayer  normal  and  to  the  magnetic  field  direction  (0°),  all  of  the  amide  sites  in  each  structure  have  an 
identical  orientation  relative  to  the  direction  of  the  applied  magnetic  field,  and  therefore  all  of  the 
resonances  overlap  with  the  same  dipolar  coupling  and  chemical  shift  frequencies.  Tilting  the  helix  or 
strand  away  from  the  membrane  normal  introduces  variations  in  the  orientations  of  the  amide  NH  bond 
vectors  in  the  magnetic  field,  and  leads  to  dispersion  of  the  'H-^N  dipolar  coupling  and  15N  chemical  shift 


frequencies,  manifest  in  the  appearance  of  Pisa  Wheel  resonance  patterns  in  the  spectra.  Since  helices  and 
strands  yield  clearly  different  resonance  patterns,  with  circular  wheels  for  helices  and  twisted  wheels  for 
strands,  these  spectra  represent  signatures  of  secondary  structure  (Marassi  2001).  The  spectra  also 
demonstrate  that  it  is  possible  to  determine  the  tilt  of  a  helix  or  strand  in  lipid  bilayers  without  resonance 
assignments.  Pisa  wheels  have  been  observed  in  the  PISEMA  spectra  of  many  uniformly  15N  labeled  (3- 
helical  membrane  proteins  (Opella  et  al.  1999,  Marassi  et  al.  2000,  Wang  et  al.  2001,  Marassi  and  Opella 
2003,  Park  et  al.  2003,  Zeri  et  al.  2003). 

(5.3)  Conformation  of  tBid  in  lipid  bilayers. 

The  two-dimensional  'H/^N  PISEMA  spectrum  of  tBid  in  bilayers  is  shown  in  Figure  7  (Gong  et  al.  2004). 
Each  amide  site  in  the  protein  contributes  one  correlation  peak,  characterized  by  *H-15N  dipolar  coupling 
and  15N  chemical  shift  frequencies  that  reflect  NH  bond  orientation  relative  to  the  membrane.  For  tBid,  the 
circular  wheel-like  pattern  of  resonances  in  the  spectral  region  bounded  by  0  -  5  kHz  and  70-90  ppm, 
provides  definitive  evidence  that  tBid  associates  with  the  membrane  as  surface-bound  helices  without  trans¬ 
membrane  insertion.  The  substantial  peak  overlap  reflects  a  similar  orientation  of  the  tBid  helices  parallel 
to  the  membrane,  and  spectral  resolution  in  this  region  requires  three-dimensional  correlation  spectroscopy 
and  selective  isotopic  labeling  (Marassi  et  al.  2000). 
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Figure  7.  Two-dimensional  ’H/^N  PISEMA 
spectrum  of  uniformly  15N-labeled  tBid  in 
oriented  lipid  bilayers 


As  shown  in  Figure  6,  the  NMR  frequencies  directly  reflect  the  angles  between  individual  bonds  and  the 
direction  of  the  applied  magnetic  field,  and,  therefore,  it  is  possible  to  calculate  solid-state  NMR  spectra  for 
specific  models  of  proteins  in  oriented  samples.  A  comparison  of  the  calculated  and  experimental  spectra 
then  provides  useful  structural  information  prior  to  complete  structure  determination,  which  requires 
sequential  assignment  of  the  resonances.  The  spectra  calculated  for  several  orientations  of  an  ideal  18- 
residue  helix,  with  3.6  residues  per  turn  and  identical  backbone  dihedral  angles  for  all  residues  (phi,  psi  =  - 
57°,  -47°),  are  shown  in  Figure  8.  This  analysis  demonstrates  that  trans-membrane  helices  with  orientations 
between  90°  and  45°,  have  wheel-like  spectra  in  a  completely  unpopulated  region  of  the  tBid  spectrum. 
Based  on  a  comparison  of  the  calculated  spectra  with  the  PISEMA  spectrum  of  tBid  in  lipid  bilayers  we 
place  the  helices  of  tBid  nearly  parallel  to  the  lipid  bilayer  plane  (0°  orientation),  with  a  tilt  of  no  more  than 
20°  from  the  membrane  surface. 

Solution  and  solid-state  NMR  studies  demonstrate  that  tBid  adopts  a  unique  helical  fold  in  lipid 
environments,  and  that  it  binds  the  membrane  without  insertion  of  its  helices.  Solid-state  NMR  studies  of 
the  anti-apoptotic  Bcl-2  family  member,  Bc1-Xl,  also  indicate  that  membrane  insertion  of  the  Bc1-Xl 
helices  is  only  partial  (Franzin  et  al.  2004),  and  solution  NMR  studies  show  that  Bc1-Xl  adopts  an  extended 
helical  conformation  in  lipid  micelles  (Losonczi  et  al.  2000).  Both  tBid  and  Bc1-Xl  form  ion-conductive 
pores  that  are  thought  to  play  a  role  in  apoptosis  through  their  regulation  of  mitochondrial  physiology,  and 


it  is  important  to  note  that,  since  the  samples  in  both  the  solid-state  NMR  and  ion  channel  activity  studies 
of  Bcl-XL  and  tBid  were  identical  in  their  lipid  composition  and  the  maimer  of  sample  preparation,  the 
membrane  surface  association  of  Bcl-XL  and  tBid,  observed  by  solid-state  NMR,  represents  the  channel- 
active  conformation  of  the  proteins. 
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Figure  8.  Two-dimensional  solid-state  NMR 
PISEMA  spectrum  of  uniformly  15N- 
labeleld  tBid  in  oriented  lipid  bilayers.  The 
experimental  spectrum  (black)  is  compared  with 
the  spectra  (red)  calculated  for  an  18-residue  p- 
helix,  with  uniform  backbone  dihedral  angles 
(phi  =  -57°;  psi  =  -47°),  and  different  helix  tilts 
(0°  to  75°)  relative  to  the  membrane,  depicted  in 
the  cartoon  above  the  spectra.  The  0° 
orientation  is  for  a  helix  parallel  to  the 
membrane  surface. 


A  model  for  the  mode  of  membrane  association  by  tBid  is  shown  in  Figure  9.  Cleavage  by  caspase-8  in  the 
flexible  loop  of  the  soluble  Bid  structure  (Figure  9A),  generates  the  C-terminal  product  tBid  (Figure  9B), 
which  undergoes  a  conformational  change  and  binds  the  surface  of  mitochondrial  membranes  (Figure  9C). 
It  is  possible  that  the  structure  of  tBid,  destabilized  by  dissociation  from  the  N-terminal  fragment  after 
caspase-8  cleavage,  undergoes  a  conformational  change,  whereby  it  opens  about  the  flexible  loops  that 
connect  its  helical  segments,  to  an  extended  helical  conformation  which  binds  to  the  membrane  surface. 
This  would  be  similar  to  the  mechanism  proposed  for  the  lipoprotein  apolipophorin-III,  which  adopts  a 
marginally  stable  helix  bundle  topology  that  allows  for  concerted  opening  of  the  bundle  about  hinged  loops 
(Wang  et  al.  2002).  It  is  notable  that  the  Bid  amino  acid  sequence  (P141RDMEKE147)  at  the  beginning  of 
helix-6,  is  similar  to  the  conserved  sequence  (P95DVEKE100)  that  forms  a  short  lipid  recognition  helix  in 
apolipophorin-III.  In  Bid,  this  sequence  forms  a  short  loop  that  is  perpendicular  to  the  axis  of  helix-6  and 
solvent-exposed,  while  in  apolipophorin-III  it  forms  a  short  helix  that  is  perpendicular  to  the  helix  bundle 
and  at  one  solvent-exposed  end  of  the  molecule.  This  short  motif  is  conserved  in  the  Bid  sequences  from 


various  species,  suggesting  that  it  plays  a  role  in  the  protein  biological  function,  and  may  constitute  a  lipid 
recognition  domain  for  Bid  similar  to  that  of  apolipophorin-III. 
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Figure  9.  Model  for  the  association  of  tBid  with  the  membrane  surface.  (A)  Cleavage  by  caspase-8  in  the  flexible  loop  of  the 
soluble  Bid  structure  (Chou  et  al.  1999,  McDonnell  et  al.  1999),  generates  the  C-terminal  product  tBid  (B),  which  undergoes  a 
conformational  change  and  binds  the  surface  of  mitochondrial  membranes  (C). 

Pore  formation  by  the  Bcl-2  family  proteins  has  been  thought  to  involve  translocation  of  the  central  core 
helices  through  the  membrane,  and  the  helices  of  both  Bid  and  Bcl-XL  are  sufficiently  long  to  span  the  lipid 
bilayer.  However,  their  amphipathic  character  is  also  compatible  with  membrane  surface  association,  in  a 
manner  that  is  reminiscent  of  the  antimicrobial  polypeptides  where  binding  of  the  polypeptide  helices  to  the 
bacterial  membrane  surface  is  thought  to  transiently  destabilize  the  membrane  and  change  its  morphology, 
inducing  leakage  of  the  cell  contents,  disruption  of  the  electrical  potential,  and  ultimately  cell  death  (Boman 
1995,  Marassi  et  al.  1999,  Marassi  et  al.  2000).  It  is  notable  that  bacterial  and  mitochondrial  membranes 
have  very  similar  structures  and  surface  charge,  and  that  tBid  is  both  capable  of  altering  bilayer  curvature, 
and  of  remodeling  the  mitochondrial  membrane,  which  would  be  sufficient  to  cause  the  release  of 
mitochondrial  cytotoxic  molecules.  Thus,  the  BH3 -independent  mechanism  of  pore-formation  and 
mitochondrial  cytochrome-c  release  by  tBid,  may  be  similar  to  that  of  the  antimicrobial  polypeptides.  In 
addition,  the  membrane  surface  association  of  tBid  may  serve  to  display  the  BH3  domain  on  the 
mitochondrial  membrane  surface,  making  it  accessible  for  binding  by  other  Bcl-2  family  members. 
Although  tBid  does  not  insert  in  DOPC/DOPG  lipid  bilayers,  it  is  possible  that  trans-membrane  insertion 
may  be  driven  by  the  presence  of  natural  mitochondrial  lipids,  such  as  cardiolipin  and  monolysocardiolipin. 
It  is  also  possible  that  the  interactions  with  other  Bcl-2  family  proteins  such  as  Bak  and  Bax,  or  with  other 
non-homologous  proteins  such  as  the  mitochondrial  voltage  dependent  anion  channel,  may  promote 
insertion  of  the  tBid  helices  through  the  mitochondrial  membrane. 
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